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COMPARISONS OF FINITE-ELEMENT CODE CALCULATIONS 
TO HYDROSTATICALLY LOADED 

SUBASSEMBLY-DUCT EXPERIMENTS 

by 

J, E. Ash and T . J . Marciniak 

ABSTRACT 

The Liquid Metal Fast Breeder Reactor ( L M F B R ) core 
structure consists of a matrix of hexagonal subassembly ducts. 
Evaluation of the safety aspects of the core structure requires 
that reliable computational procedures be available to predict 
the deformation response of the subassembly configuration to 
postulated local energy re leases . Finite-element computer 
codes have been developed to calculate deflections and strains 
of a hexcan subassembly wrapper subjected to internal and exter
nal dynamic pressure loadings over a wide range of mater ia l -
property conditions. An experimental and analytical program 
has been undertaken to validate and extend the codes for de
scribing the core structural mechanics under reactor operat
ing conditions, including, in part icular , descriptions of possible 
subassembly-to-subassembly damage propagation. 

This report describes results of the first phase of the 
experimental program in which single hexcan sections were 
internally and externally hydro static ally pressurized out-of-
pile at room temperature. The experimental data are com
pared with calculations from a two-dimensional finite-element 
structural-dynamics code, STRAW. Some additional compari
sons were also made with calculations from a three-dimensional 
code, SADCAT. The correlations obtained between the compu
tations and the hydrostatic experimental results were suffi
ciently good to validate the STRAW code and proceed to the next 
phase of theprogrann involving the dynamic structural response. 

I, INTRODUCTION 

Questions relating to the safety of the Liquid Metal Fast Breeder 
Reactor ( L M F B R ) involve the response of subassembly ducts and internals 
such as fuel pins and wire-wrap spacers , to postulated local accident condi
tions. At issue, essentially, is the ability of subassemblies to res is t propa
gation of failure from subassembly to subassembly under either normal reactor 
operating conditions or accident conditions that involve portions of the core . 



A number of mechanisms have been hypothesized by which damage may be 
propagated. Thermal loads imposed by molten fuel may cause thernnal-stress 
cracks and subsequent rupture, or local melting of the duct walls. Wall fail
ures also could be caused by severe pressure pulses arising from various 
sources, such as a sudden large release of fission gas or a fuel-vapor expan
sion resulting from a severe overpower transient. 

Thermal interactions between the coolant and high-temperature molten 
fuel or cladding provide another mechanism through which damaging pressure 
pulses may be created. An actual core-failure propagation will most likely 
involve combinations of these high-temperature and potentially high-pressure 
phenomena. The dominant mode in a given subassembly event will depend both 
upon the initiating conditions and the accident sequence. 

Since the structure in the core region is quite complex, determination 
of the response of the core to locally generated pressure pulses is difficult to 
assess , from both the analytical and experimental points of view. Factors 
which must be considered in the study of such events include (a) definition of 
local subassembly accidents which may produce significant pressure pulses; 
(b) definition of subassembly material properties at various times in the core 
life under operating or accident conditions; (c) propagation phenomena, includ
ing subassembly fracture modes and locations; and (d) geometry of the sub
assembly structure, including the intersubassembly coolant, the surrounding 
subassemblies and their internals, and of other auxiliary structures that may 
be involved, such as control-rod guide tubes. 

The definition of local subassembly accidents poses one of the most 
difficult areas to resolve since a wide range of initiating conditions may be 
postulated followed by various mechanistic sequences. One of the more likely 
initiating events to occur during the life of a reactor is the failure of the clad
ding of one or more end-of-life fuel pins, resulting in the release of high-
pressure fission gas. Events such as subassembly blockages, which could 
produce meltdown and thermal interactions between the coolant and hot fuel 
or cladding, and overpower transients, causing fuel vaporization, can be r e 
duced to a very low probability through proper reactor design and controls. 
Current intensive studies of local accident-sequence phenomena should lead 
to the development of definitive models of more realistic pressure- t ime 
relationships. 

Uncertainties also exist in the definition of the mechanical properties 
of the stainless steel subas sembly-duct mater ial , especially nearing the high-
fluence, end-of-life conditions. Propert ies such as yield, ultimate strengths, 
and ductility, which are crucial for s tructural-response analysis are subject 
to significant variations due to local temperatures and to irradiation exposure. 
Under dynamic loading conditions, s t ra in-ra te effects and fracture mechanisms 
present additional complexities entering into the description of material be
havior. The effort underway to resolve these material-property problems can 
be expected to lead to improved material descriptions and mathematical models 
and contribute to the development of adequate margins of structural saiety. 



Because of the existing uncertainties in the realistic description of 
source-pressure pulses and the accurate prediction of subassembly-duct-
material propert ies , a definitive experimental program to determine proto-
typic hexcan response to local accidents was not attempted. The objective of 
the current experimental program is to devise an appropriate set of tests to 
provide sufficient data to verify and, where required, to modify and extend 
the finite-element computer codes under developinent. Then, by providing im
proved descriptions of source-pressure pulses and thermal loadings as input data, 
and incorporating updated mater ia l -property information, we can use the com
puter codes for the analysis of the many possible reactor accident events. 

The dynamic structural codes under development include the STRAW^ 
and SADCAT codes which a re , respectively, two- and three-dimensional, non
linear, elastic-plastic finite-element codes. The STRAW code takes into ac
count not only the accident subassembly, but also the next one or two rows of 
subassemblies together with the inclusion of the coolant-fluid behavior, and 
various energy and pressure sources.^ The SADCAT code has been coupled 
to the REXCO code and provides similar pressure-source capabilities, although 
the surrounding ducts are not, as yet, included in the analysis.'* The original 
versions of the codes use explicit time-integration techniques; an implicit com
putational procedure for STRAW has recently been completed,^ and a similar 
implicit version of SADCAT is being developed. 

Since the experimental program was designed to verify the calculational 
models that describe the subassembly response, and not to perform strictly 
prototypic tes t s , the test program was organized in the foUov/ing way. F i r s t , 
quasi-static experiments were performed to define the gross response of 
subassembly ducts to internal and external pressure loads. Measurements of 
p ressure , s t rains , and midflat deflections for specified mater ial propert ies 
were compared with code calculations. These comparisons establish the basic 
soundness of the codes, and contribute to the development of refinements and 
to the elimination of initial uncertainties in the analytical model. Second, 
after the development of a calibrated reproducible and verified pressure- t ime 
source, dynamic tests in single subassemblies are to be performed. Finally, 
subassembly-cluster tests will be scheduled, including the effects of intersub
assembly fluids to evaluate subassembly-to-subassembly propagation-coupling 
phenomena. 

This report describes some results obtained in the first phase of the 
effort: the quasi-static pressurization tes ts . These results include several 
internal and external hexcan-pressurization experiments, mater ia l -property 
determinations, and comparisons with calculational results to demonstrate the 
range of validity of the smal l -s t ra in , large-deflection, computer codes. Under 
actual reactor operating conditions the embrittling effects of irradiation ex
posure can cause the hexcan steel to be considerably less ductile than the 
nominally 20%-coldworked condition of the sample ducts received from the 
fabricator for the pressurization tes ts . The Materials Science Division at ANL 
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, t"3,ting 
has investigated" the simulation of naaterial propert ies under reactor oper 
conditions and developed methods for altering the hexcan steel so that the 
pressurization tests covered a range of ductility conditions. In addition 
the 20%-coldworked test hexcans, more ductile specimens were produce 
annealing, and the ductility was lowered by a special fabrication pr 
produce a final 50% coldworking of the subassembly duct sections. 

II, HYDROSTATIC PRESSURIZATION EXPERIMENTS 

The main goals of the experimental program investigating subassembly-
to-subassembly failure propagation are to verify, modify, and extend the finite-
element code STRAW. A first step in this program was the design of a set of 
experiments to establish the capability of the code to calculate deformations of 
a hydrostatic ally loaded subassembly hexcan. These experiments were intended 
to supply initial verifications without the attendant uncertainties involved in 
the dynamics of a suddenly applied pressure pulse and to avoid possibly strong 
undefined s train-rate effects on the material proper t ies . Results of the hydro
static tests will also contribute to the prediction of response magnitudes upon 
which to base the design and the instrumentation requirements of the subsequent 
dynamic experiments. 

To provide acceptable test results for comparison with STRAW cal
culations, several experimental requirements had to be met. Since the STRAW 
code requires that the hexcan deformation be formulated as a plane-strain prob
lem, the test rig must be designed to constrain axial displacements. Because of 
the demonstrated response sensitivity to mater ia l proper t ies , the s t ress -s t ra in 
characterist ics and possible hardness gradients in the duct walls must be ac
curately determined. Instrumentation should include the nneasurement of mid-
flat and corner deflections, as well as midflat inner- and outer-surface strains 
in both the circumferential and axial direction. Sufficient redundancy is needed 
to ensure that the hexcan response is symnnetric, to reveal possible inconsis
tencies in the data, and to reduce the probability of data loss through partial 
instrumentation failures. Because hexcan mater ia l is relatively difficult to 
obtain and available duct sections were of limited lengths, it was necessary to 
use the shortest length possibly and still achieve plane-strain conditions with
out significant end effects coming into play. In a previous study' it was dem
onstrated that a fixed end condition, constraining eixial, radial, and rotational 
motions, would provide good results for STRAW calculations for a duct length 
of 1 ft (30.48 cm). Although these calculations were performed using a c i r 
cular cylinder representing an "equivalent" hexcan, they did show that a length-
to-diameter ratio of about three would be sufficient for the range of deflections 
expected in the tes ts . Experimental verification of this calculation was obtained 
by comparing 1- and 2-ft (30.48- and 60.96-cm)-length internal-pressurizat ion 
tests over a wide range of p res su res . These tests are described below, A 
more detailed presentation of the test apparatus and results than presented 
here has been given in Ref. 8. 
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A, Test Apparatus 

To meet the experinnental requirements outlined above, the test appa
ratus shown in schematic form in Figs. 1 and 2 was designed and constructed 
by Stanford Research Institute (SRi) specifically for the external-pressurizat ion 
tests , which were conducted at SRI. The hexcan was first mounted in rigid 
end rings, and a dowel was then inserted through the ring and hexcan. This 
configuration was welded together to ensure rigidity and to seal the hexcan-
ring junction. The assembly w âs next mounted in heavy end plates; the top 
plate was 2 in, (5.08 cm) thick and the lower 1.5 in. (3.81 cm) thick. An O-ring 
was used between the end ring and the plate for sealing, and the end plates were 
clamped in position with six 0.375-in. (0.9525 cm) socket-head capscrews. 
Axial movement was constrained by bolting the endplates together with a set 
of twelve 1-in. (2.54-cm) bolts. 

0 RING 

ALL DIMENSIONS IN inches 

SOC. HD. CAP SCREW 

PRESSURE PORT 
"0° RING 

ALL DIMENSIONS IN inches 

PRESSURE PORT 

Fig. 1. Test Apparatus Used in In
ternal Hydrostatic Pressur
ization of Subassembly 
Ducts (1 in. = 2.54 cm). 
ANL Neg. No. 900-4648. 

Fig. 2. Test Apparatus Used in Ex
ternal Hydrostatic Pressur
ization of Subassembly 
Ducts (1 in. = 2.54 cm). 
ANL Neg. No. 900-75-218. 

A l though no t shown in the f i g u r e , n u t s w e r e m o u n t e d bo th above and 
be low the end p l a t e s . T h e s e b o l t s w e r e m o u n t e d on a b o l t - c i r c l e d i a m e t e r of 
8.3125 in. (21 ,114 c m ) . T h e c r o s s - s e c t i o n a l a r e a of the 12 b o l t s i s a p p r o x i 
m a t e l y f ive t i m e s t ha t of t he c r o s s - s e c t i o n a l a r e a of the h e x c a n m a t e r i a l . 
C a l c u l a t i o n s i n d i c a t e t h a t wi th t h i s a r r a n g e m e n t the a x i a l m o v e m e n t of the 
ends wou ld not e x c e e d 2 m i l s (0 .0508 m m ) u n d e r an i n t e r n a l h e x c a n p r e s s u r 
i z a t i o n of 3000 p s i (21 M P a ) , T h i s c a l c u l a t i o n w a s v e r i f i e d and t h e p l a n e - s t r a i n 
a s s u m p t i o n j u s t i f i e d in an e a r l y s h a k e d o w n t e s t in w h i c h a x i a l l y o r i e n t e d s t r a i n 
g a g e s n e a r the duc t m i d p l a n e showed s m a l l s t r a i n s o v e r the r a n g e of i n t e r e s t . 
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Pressurizat ion of the subassembly ducts was accomplished by ^^^ 
a hydraulic hand pump. The pump was connected by a flexible line to ^ 
pressure-por t taps shown in Figs, 1 and 2, and the p ressure was measu ^^^_ 
by a gage installed in this line. For internal pressurizat ion, the inside p ^ 
sure port was used; for external pressurizat ion, the outside port was 
with the hexcan enclosed within the thick-walled cylinder, as shown in ^S—^ 
This cylinder was not mounted during the internal pressurization tea s, 
access to appropriate instrumentation for displacement measuremen 
available. 

Instrumentation used in the tests consisted of the p ressure gage already 
mentioned, strain gages, and devices to measure linear displacement. In the 
initial experiments, dial gages were used to measure displacements of the 
midflats and corners . In the later experiments, the dial gages were replaced 
with linear potentiometers, which are more compact and less subject to bind
ing, and can be read remotely. The number of linear potentiometers was in
creased to include up to three flats and three corners in order to show that 
the displacements of the flats were symmetric , as well as to give an improved 
average of the midflat and corner displacements. Strain gages were mounted 
on both the outside and inside surfaces of several flats to measure circumfer
ential s trains. In some tes ts , notably the test using a 24-in. (61-cm) duct, 
gages were also mounted at several axial positions, including regions near 
the end ring, in order to collect data on local bending and end effects. 

B. Test-plan Matrix 

The experimental program for the static pressurizat ion of the sub
assembly hexcan consisted of eight tes ts . The tests and general parameters 
are given in Table I. 

TABLE I. Tes t -p lan Matrix for Hydrostat ic P r e s s u r i z a t i o n of Subassembly Duct 

T e s t No. 

ST-IOII 

S T - 1 0 2 E 

ST-103I 

ST-104I 

S T - 1 0 5 E 

ST-106I 

ST-107I 

ST-108E 

Mater ia l 
Condition 

20% coldworked 

20% coldworked 

Annealed 

Annealed 

Annealed 

50% coldworked 

Annealed 

50% coldworked 

He: 
Lei 

xcan Nominal 
ngth, in. (cm) 

12 (30.5) 

12 (30.5) 

12 (30.5) 

24 (61) 

12 (30.5) 

12 (30.5) 

12 (30.5) 

12 (30.5) 

Type 
Loading 

Internal 

External 

Internal 

Internal 

External 

Internal 

Internal 

External 

Rennarks 

Shakedown t e s t , linnited 
instrumentat ion. Fa i led 
at 2400 psi (16.55 MPa) . 

Shakedown t e s t , l imited 
instrumentat ion. 

Taken to fai lure at 
4500 psi (31.03 MPa) . 

Investigate end e f fec ts . 

Col lapsed at 600 psi (1.14 MPa) . 

Taken to fai lure at 
3100 ps i (21.37 MPa). 

Repeat of ST-103I with m o r e 
extens ive instrumentat ion. 

Col lapsed at 1450 ps i (10.00 MPa) . 



The first two tests were performed mainly as shakedown tests to 
eliminate, as much as possible, defects in the experimental apparatus and 
procedure. The instrumentation included in these tests was not quite as ex
tensive as in the later tes t s . Also, for the first two tests the mater ia l prop
erties had not been established, although some preliminary hardness tests 
indicated that substantial coldwork gradients from midflat to corner existed 
in the duct wall. S t ress -s t ra in curves were not specifically determined for 
the 20%-coldworked level. 

The next two tes ts , ST-103I and -1041, were perfornned with solution-
annealed. Type 316 stainless steel ducts. These tests were designed not only 
to provide data on midflat and corner deflections and strains as functions of 
internal p ressure , but also to investigate the extent of end effects. Thus, 
Test ST-1041 used a 2-ft (60.96-cm)-long hexcan with strain gages and linear 
potentiometers arranged axially along the midflat at six positions on the upper 
half of the duct. The results of these tes ts , to be described in detail below, 
are shown in Fig. 8 (later). 

Tests ST-105E and -108E were performed to study the behavior of 
ducts under external loading conditions. For TestST-105E, the Type 316 
stainless steel test hexcan was annealed; and for Test ST-108E, the test 
hexcan was 50% coldworked to produce a considerably less ductile steel. Some 
interesting results pertaining to the collapse of subassembly ducts are d is 
cussed in Chap. V. In Test ST-106I, a 50%-coldworked duct was internally 
pressurized to determine if the calculational models were able to predict 
deflections of more brittle mater ia ls . 

In summary, the test matrix to date has been constructed to gain data 
on the deformation of subassembly ducts under internal and external p ressure 
loadings at room temperature. Also, the effects of ductility are included by 
testing ducts with varying degrees of coldworking ranging from fully annealed 
to nominally 50% coldworking. The influence of end effects on the measure 
ment was determined by performing a well-instrumented test on a hexcan 
twice the length of those normally used in the tes ts . 

C. General Results 

The objective of this section is to indicate in general t e rms the r e 
sults of the experiments. The detailed discussion of experinnental results is 
deferred to Chap. V, in which the experimental results and code calculations 
are compared. Here we would like to emphasize those experimental data 
that (l) show that the plane-strain conditions were satisfied, (2) show that 
end effects were minimal, and (3) i l lustrate some fracture phenomena on 
those ducts that were pressur ized to failure. Also discussed are general 
test results of midlfat deflections, corner displacements, and strains from 
representative tests of annealed and 20%- and 50%-coldworked hexcans. 
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T h e r e s u l t s of T e s t S T - 1 0 3 1 , wh ich w a s i n s t r u m e n t e d wi th r e d u n d a n 
s t r a i n g a g e s , h e l p e d to d e m o n s t r a t e t h a t the h e x c a n de fo rnna t ion r e m a i n e 
v e r y n e a r l y s y m m e t r i c t h r o u g h o u t t he i n t e r n a l p r e s s u r i z a t i o n and t h a t 
c e n t e r s e c t i o n w a s in e s s e n t i a l l y a p l a n e - s t r a i n c o n d i t i o n . * Note t h a t t 
s y m m e t r y p e r s i s t s only for t he i n t e r n a l l y p r e s s u r i z e d h e x c a n s ; e x t e r n a 
p r e s s u r i z a t i o n led to an a s y m m e t r i c a l c o l l a p s e m o d e , a s would be e x p 
s i n c e the s y s t e m i s in an e s s e n t i a l l y m e t a s t a b l e cond i t i on . 

T h e d i a l - and s t r a i n - g a g e l o c a t i o n s a r e shown in F i g . 3. T h e d i a l 
g a g e s m e a s u r e d the d e f l e c t i o n s of f l a t s A and D, and c o r n e r d i s p l a c e m e n t s 
a t A / B and D / E . S t r a i n g a g e s w e r e p l a c e d to m e a s u r e i n s i d e and o u t s i d e c i r 
c u m f e r e n t i a l s t r a i n , and t h r e e s t r a i n g a g e s w e r e u s e d to m e a s u r e a x i a l s t r a i n . 
The s y n n m e t r y of the h e x c a n d e f o r m a t i o n i s shown by the c o m p a r i s o n of the 
m i d f l a t d e f l e c t i o n s of f l a t s A and D shown in F i g . 4 . T h e r e i s l i t t l e d i f f e r e n c e 
in de f l ec t i on up to about 200 p s i ( l . 4 M P a ) , when a s l i gh t d i f f e r e n c e of abou t 
10 m i l s (0 .254 m m ) m a y be no ted . The d e f l e c t i o n s a t c o r n e r s A / B and D / E 
w e r e a l s o c o m p a r e d and showed l i t t l e d i s a g r e e m e n t . A c h a r a c t e r i s t i c of the 
p r e s s u r i z a t i o n t e s t s w i th d u c t i l e h e x c a n m a t e r i a l s i s t h a t t h e c o r n e r f i r s t 
m o v e s in about 25 m i l s (0 .6 m m ) and t h e n e x p a n d s o u t w a r d a s t he h e x c a n 
a s s u m e s a r i g h t - c i r c u l a r c y l i n d r i c a l s h a p e . 

QG4 D.G 3 

DG2 lVs:S.G4 
"""^ HG.I^S.GS 
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s 
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DGI 
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G.4-p 

SG5 

1 

• 

12 

1 
D.G.= DIAL GAGE 

S G = STRAIN GAGE 

(ALL DIMENSION IN inches) 

Fig. 3 

Typical Locations of 
Instruments for Deflec
tion and Strain Measure
ments (Test ST-103I) 
(1 in. = 2.54 cm) 
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Fig. 4 

Measured Midflat and Corner Displacements for 
Annealed Type 316 Stainless Steel Test Hexcan 
(Test ST-103I) (1 mil = 0.0254 mm; 
1 psi = 6.895 kPa) 

•Test ST-107I was also redundantly instrumented and was used as the basis for the comparison in Chap. v. Th 
results of Tests ST-107I and -1031 are in agreement. 
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Of m a j o r i m p o r t a n c e in t h e s e t e 
p l a n e - s t r a i n c o n d i t i o n s in the m i d p l a n e 

ac 

-2 

-3 

— 

— 

o 
D 

• 

1 1 
OUTER-SURFACE, 

INNER-SURFACE, 

OUTER-SURFACE, 

1 1 

1 1 
CIRCUMFERENTIAL 

CIRCUMFERENTIAL 

AXIAL STRAIN 

1 1 

1 
STRAIN 

STRAIN 

— 

1 
500 1000 1500 2000 

PRESSURE, psi 

2500 3000 

Fig. 5. Measured Strains at Midflat Inner and Outer 
Surfaces of Annealed Hexcan (Test ST-103I) 
(1 psi = 6.895 kPa) 

but as the i n t e r n a l p r e s s u r i z a t i o n i n c r e 
of a c i r c u l a r c y l i n d e r and a s t r a i n r e v e 
in t e n s i o n a t abou t 2000 p s i ( l 4 M P a ) , 

s t s i s the n e c e s s i t y for m a i n t a i n i n g 
s e c t i o n b e t w e e n the e n d s of the h e x c a n . 
The m a i n t e n a n c e of p l a n e - s t r a i n c o n 
d i t i o n s t h r o u g h p r e s s u r e s up to 2000 p s i 
( l 4 M P a ) w a s v e r i f i e d by the n e g l i g i b l y 
s m a l l a x i a l s t r a i n c o m p o n e n t s i n d i c a t e d 
by the s t r a i n - g a g e m e a s u r e n n e n t s in 
F i g . 5. F o r p r e s s u r e s g r e a t e r t h a n 
2000 p s i ( l 4 M P a ) t he cLxial s t r a i n m e a 
s u r e m e n t s on bo th the i n n e r and o u t e r 
m i d f l a t s u r f a c e s r e m a i n e d l e s s t h a n 
1%. Of i n t e r e s t , a l s o , in F i g . 5 a r e t h e 
i n n e r - and o u t e r - s u r f a c e c i r c u m f e r e n 
t i a l s t r a i n s m e a s u r e d on f la t A. The 
o u t e r s u r f a c e t h r o u g h o u t w a s in t e n 
s ion , w^hich w a s e x p e c t e d , s i n c e the 
f la t w a s e s s e n t i a l l y bend ing a s a b e a m . 
B e c a u s e of the b e a m m o d e of d e f l e c t i o n , 
t h e i n n e r s u r f a c e w^as f i r s t c o m p r e s s e d , 

a s e d the h e x c a n s h a p e a p p r o a c h e d t h a t 
r s a l o c c u r r e d ; t he i n n e r s u r f a c e w^as 

T h a t a t e s t h e x c a n l e n g t h of 1 2 in. (30.48 cm) i s suf f ic ien t to e s s e n t i a l l y 
e l i m i n a t e end ef fec t s is d e m o n s t r a t e d in t he c o m p a r i s o n s shown in F i g s . 6 -8 
b e t w e e n 12- and 2 4 - i n . ( 3 0 . 4 8 - and 6 0 . 9 6 - c m ) - l o n g t e s t s e c t i o n s . T e s t S T - 1 0 3 I 
w a s for a 1 2 - i n . ( 3 0 . 4 8 - c m ) - l o n g and S T - 1 0 4 I for a 24 - in . ( 6 0 . 9 6 - c m ) - l o n g 
h e x c a n ; bo th h e x c a n s w e r e of a n n e a l e d Type 316 s t a i n l e s s s t e e l . The c o m p a r i s o n 
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Fig. 6. Effect of Test Length upon Midflat 
Deflection of Annealed Hexcan 
(1 ft = 30.48 cm; 1 psi = 6.895 kPa; 
1 mil = 0.0254 mm) 

Fig. 7. Effect of Test Length upon Corner Deflection 
of Annealed Hexcan (1 in. = 2.54 cm; 
1 ft = 30.48 cm; 1 psi = 6.895 kPa). ANL 
Neg. No. 900-75-221. 



20 

in Fig. 6 of the midflat, midplane deflections of a duct wall shows that the 
deflections were essentially identical through a pressurization up to 3000 psi 
(21 MPa), which is essentially at the upper range of interest . Similarly in 
Fig. 7, the corner displacements also compare almost exactly over the same 
range of pressure loadings. As a further demonstration of the minimal effect 
on test results due to end effects, longitudinal deflection profiles for various 
pressure levels are shown in Fig. 8. These results show that end effects in
volving strong local bending were confined to a neighborhood of about one 
hexcan diameter from the rigid end-ring weldments. Thus, in the 12-in. 
(30,48-cm)-long specimens, we could expect a section of at least 2 in. (5.08 cm) 
midway between the ends where end effects would be negligible and plane-
strain conditions would prevail. 

o l-ff-long Hexcan 

D 2-ft-long Hexcan 

Fig. 8 

Effect of Test Length upon Deflection Profiles in Ax
ial Direction of Annealed Hexcan (1 in. = 2.54 cm; 
1 ft = 30.48 cm: 1 psi = 6.895 kPa). ANL Neg. 
No. 900-75-212. 

0 100 200 300 400 500 

Midflat Deflection, lO'^ in. 

Results of the internal pressurization of annealed and nominallv 
20%-coldworked hexcan tests are shown in Figs. 9-11. Figure 9 shows the 
midflat deflections for both materials as a function of internal p res su re . The 
differences in the graphs are directly attributable to the higher yield and ul
timate strength of the 20%-coldworked duct. Also, because 20%-coldworked 
steel fractures at a significantly lower local strain value than the annealed 
material , the 20%-coldworked duct failed at about 2400 psi (l6.5 MPa) while 
the annealed hexcan withstood a pressure of about 4500 psi (31 MPa) before 
failure. Both ducts failed either at or very near a corner of the he.Kcan, where 
the highest s t ress concentrations occur, even though the annealed hexcan, due 
to its high ductility, had already deformed to a nearly cylindrical shape. 
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Fig. 9. Comparison of Experimental Midflat De
flections of Annealed and Nominal 20^o-
coldworked Hexcans under Internal Pres
surization at Room Temperature 
(1 in. = 2.54 cm; 1 psi = 6.895 kPa). 
ANL Neg. No. 900-75-214. 

Fig. 10. Comparison of Experimental Comer De
flections of Annealed and Nominal 20^o-
coldworked Hexcans under Internal Pres
surization at Room Temperature 
(1 in. = 2.54 cm; 1 psi = 6.895 kPa). 
ANL Neg. No. 900-75-217. 
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Comparison of Experimental Midflat Outer-surface 
Strains of Annealed and Nominal 20^o-coldworked 
Hexcans under Internal Pressurization at Room 
Temperature (1 in. = 2.54 cm; 1 psi = 6.895 kPa). 
ANL Neg. No. 900-75-216. 
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T h e c o r n e r d e f l e c t i o n s of bo th d u c t s a r e shown in F i g . 10 a s a func t ion 
of the i n t e r n a l p r e s s u r e l o a d i n g . The a n n e a l e d duc t c l e a r l y s h o w s i n w a r d c o r 
n e r m o v e m e n t and t h e n o u t w a r d m o v e m e n t b e f o r e f a i l u r e ; t he 2 0 % - c o l d w o r k e d 
duc t s h o w s a l m o s t no m o v e m e n t b e f o r e f a i l u r e . T h e s e d i f f e r e n c e s in r e s p o n s e 
c a n a g a i n be t r a c e d to the m e c h a n i c a l p r o p e r t i e s of t he d u c t s . F i g u r e 11 c o m 
p a r e s t he m i d f l a t o u t e r - s u r f a c e s t r a i n s a s a funct ion of i n t e r n a l p r e s s u r e . Due 
to the t e c h n i q u e s for m o u n t i n g s t r a i n g a g e s in t h e s e e a r l y t e s t s , t he s t r a i n 
m e a s u r e n n e n t s w e r e l i m i t e d to abou t 3-4% b e f o r e t h e s t r a i n g a g e f a i l ed . 
L a t e r i m p r o v e m e n t s in m o u n t i n g t e c h n i q u e s a l l owed r e l i a b l e m e a s u r e m e n t s 
of s t r a i n to abou t 10%. 
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S i m i l a r r e s u l t s w e r e o b t a i n e d for the i n t e r n a l p r e s s u r i z a t i o n of a 
n o m i n a l l y 5 0 % - c o l d w o r k e d duc t s e c t i o n u n d e r an i n t e r n a l p r e s s u r e l o a d i n g . 

T h i s t e s t w a s p e r f o r m e d , a s 
no t ed e a r l i e r , in o r d e r to o b 
t a i n r e l i a b l e d a t a on a d u c t 
m a d e of m a t e r i a l w i t h a r e d u c e d 
d u c t i l i t y , s i n c e t e n s i l e t e s t s of 
5 0 % - c o l d w o r k e d T y p e 316 s t a i n 
l e s s s t e e l s h o w e d a u n i f o r m 
e l o n g a t i o n of on ly abou t 2%. 
H o w e v e r , s i g n i f i c a n t i n c r e a s e s 
in y i e l d s t r e n g t h and u l t i m a t e 
s t r e n g t h a l s o o c c u r r e d , a s would 
be e x p e c t e d . F i g u r e 12 s h o w s 
the m i d f l a t d e f l e c t i o n s of t he duct 
a s a func t ion of i n t e r n a l p r e s s u r e . 
T h i s d u c t b e h a v e d in a m u c h s t i f fe r 
f a s h i o n t h a n e i t h e r t he a n n e a l e d 
o r 2 0 % - c o l d w o r k e d d u c t d i s c u s s e d 
p r e v i o u s l y . A s n o t e d in T a b l e I, 
t h i s duc t f a i l ed a t an i n t e r n a l p r e s 

s u r e of 3100 p s i (21 ,4 M P a ) , T h e s e d a t a r e p r e s e n t an a v e r a g e of a l l s i x f l a t s . 
The d u c t - w a l l d e f o r m a t i o n w a s e s s e n t i a l l y e l a s t i c to a p r e s s u r e of a b o u t 
1400 p s i (9 .7 M P a ) , a t w h i c h po in t a c h a n g e in s l o p e of t h e g r a p h of d e f l e c t i o n 
v e r s u s p r e s s u r e o c c u r r e d b e c a u s e of p l a s t i c y i e l d i n g in the c o r n e r s . C o r n e r 
d i s p l a c e m e n t a s a funct ion of i n t e r n a l p r e s s u r e i s shown in F i g . 13 . T h i s 
g r a p h shows t h a t t h e r e w a s a s m a l l inw^ard m o v e m e n t of the c o r n e r d u r i n g 
the t e s t b e f o r e f a i l u r e , and t h a t p l a s t i c y i e l d i n g in the c o r n e r w a s i n i t i a t e d a t 
a p r e s s u r e of abou t 1400 p s i (9 . 7 M P a ) . F i g u r e 14 s h o w s the a v e r a g e i n s i d e m i d -
f lat s t r a i n and F i g . 15 t he o u t s i d e m i d f l a t s t r a i n a s func t ions of i n t e r n a l p r e s 
s u r e . T h e s e g r a p h s i n d i c a t e t h a t the h e x c a n f la t w a s d e f i n i t e l y in a bend ing 

Fig. 12. Measured Midflat Displacement of 50^o-
coldworked Hexcan under Internal Pres
surization at Room Temperature 
(1 mil = 0.0254 mm; 1 psi = 6.895 kPa) 
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Fig. 13. Measured Corner Displacement of 50'7o-
coldworked Hexcan under Internal Pres
surization at Room Temperature 
(1 mil = 0.0254 mm; 1 psi = 6.895 kPa) 

Fig. 14. Measured Strain at Inner Midflat Surface 
of 50<7o-coldworked Hexcan under Inter
nal Pressurization at Room Temperature 
(1 psi = 6.895 kPa) 
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Fig. 15 

Measured Strain at Outer Midflat Surface 
of 50<yo-coldworked Hexcan under Internal 
Pressurization at Room Temperature 
(1 psi = 6.895 kPa) 

m o d e d u e to t h e u n i f o r m l o a d , w i t h a n i n s i d e c o m p r e s s i v e s t r a i n , w h i l e t h e 
o u t s i d e s u r f a c e w a s i n t e n s i o n . A g a i n , t h e s e c u r v e s r e p r e s e n t t h e a v e r a g e of 
s i x m e a s u r e m e n t s . 

T h e c o n d i t i o n of t h e f r a c t u r e d c o r n e r s f o r t h e t e s t s u s i n g a n n e a l e d , 

a n d 2 0 % - a n d 5 0 % - c o l d w o r k e d d u c t s a r e s h o w n i n F i g s 1 6 - 1 9 - T h e f i n a l s h a p e 

Fig. 16. Annealed and Nominal 20%-coldworked 
Test Hexcans Internally Pressurized to 
Failure. Neg. No. MSD-60431. 

Fig. 17. The 50<yo-coldworked 
Hexcan Internally 
Pressurized to Failure. 
Neg.No.MSD-61132. 
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Fig. 18. Detail of Upper Crack Tip for 
50^0-coldworked Hexcan Inter
nally Pressurized to Failure. 
Neg. No. MSD-61134. 

Fig. 19. Detail of Lower Crack Tip for 
5l>"'.T-coldworkeJ Hexcan Inter
nally Pressurized to Failure. 
Neg. No. MSP-:il33. 

a n d c o r n e r f r a c t u r e of t h e 2 0 % - c o l d w o r k e d d u c t a r e s h o w n o n t h e le f t in F i g . I c : 
t h e a n n e a l e d T y p e 316 s t a i n l e s s s t e e l d u c t i s s h o w n o n t h e r i g h t . T h e s i g n i f i 
c a n t b a l l o o n i n g o u t of t h e a n n e a l e d c a n b e f o r e f a i l u r e i s r e a d i l y n o t e d . T h e 
l e n g t h of t h e s p l i t i n t h e a n n e a l e d h e x c a n w a s a b o u t 5 .7 i n . ( l 4 . 5 c m ) a n d t h e 
w i d t h a b o u t l / 2 i n . ( l . 3 c m ) . T h e 2 0 % - c o l d w o r k e d d u c t f r a c t u r e w a s 7.4 i n . 
( l 8 . 8 c m ) l o n g w i t h a m a x i m u m f r a c t u r e w i d t h of a b o u t 1 /4 i n . (O.o c m ) . A 
m u c h l o n g e r c r a c k l e n g t h of 8 .9 in . ( 2 2 . 6 c m ) , w i t h a m a x i m u m w i d t h of about 
3 / 8 i n . ( 0 . 9 5 c m ) , a p p e a r s in t h e p h o t o g r a p h of t h e 5 0 % - c o l d w o r k e d d u c t s h o w n 
in F i g . 1 7 . T h e s e f r a c t u r e d a t a a r c s u m m a r i z e d in T a b l e I I . 

T A B L E II. F r a c t u r e C h a r a c t e r i s t i c s of I n t e r n a l l y P r e s s u r i z e d 
T y p e 31b S t a i n l e s s S t ee l 

T e s t No . 

S T - 1 0 31 

S T - I O I I 

S T - 1 0 6 1 

M a l ( . r i a l 
C o n d i t i o n 

A n m a l r d 

^.0% c e l d w o r l 

50% colflvvorl 

<cd 

- c d 

F 

A p p r o x i m a t e 
a i l u r o P r e s s u r e , 

p s i ( M P a ) 

4500 (-H.0) 

Z400 (Ib. '^) 

n o o (Zl.4) 

F r a c t u r e 
Lengt l i , 
in. Icni) 

S.7 (14.S) 

7.4 (18.8) 

8.9 (^2.6) 

F r a c t u r e 
W i d t h . 

in . ( c m ) 

1/2 (1.3) 

1/4 (0.6) 

3 /8 (O.QS) 
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The data tabulation in Table II show that the crack length increased as 
a function of the coldworking of the duct mater ia l . This essentially c o r r e 
sponds to reduction in the ductility of the mater ial . Note that, in the test of 
the 50%-coldworked duct, the fractures terminated near, or in, the heat-
affected welding zone and may thus have been arres ted by significant mater ia l -
property changes. The crack tips in test ST-IO6I are shown in Figs. 18 and 19. 
Another character is t ic of the fractures noted in the hexcans is that the center 
portion of the fracture appeared to occur due to a tensile s t r e s s , whereas near 
the ends, a transition to shear occurred. As the ductility of the ducts de
creased, the tensile zone increased, while the shear zone decreased as a 
proportion of the total fracture length. 

Although the fracture lengths increased monotonically with increasing 
coldwork, no corresponding pattern was seen in the failure p ressure . Increas
ing the coldworking has two counterbalancing influences. The yield s t ress is 
increased, making the hexcan "stronger" in the sense that the elastic range 
is increased and the mater ia l more stiffly res is ts deflections. On the other 
hand, the mater ia l becomes increasingly brittle in that the capacity for local 
relieving of s t ress concentrations by plastic flow is diminished, and fracture 
will occur at much low^er local s t rains . Because of these opposing influences, 
there is no assurance that the capacity of the hexcan to withstand p ressur iza 
tion will vary monotonically with coldworking. This, of course, does not 
include the effect of local mater ia l cracks, dents, or other undetected flows. 
The data in Table II suggest that the 20%-coldworked can is "weaker" than 
both the more ductile annealed and the more brittle 50% coldworked hexcans. 
A generalization cannot be made without further study. It is possible that the 
strong coldworking gradients in the 20% hexcan have a tendency to weaken 
the mater ial and induce premature failure. The properties of both the an
nealed and 50%-coldworked hexcans were much more uniform. It is also 
possibly that undetected microflaws contributed to a premature fracture. 
Fracture phenomena were not of major concern in these tes ts , and much more 
intensive analysis and testing are required to explain the detailed mechanics 
of the fracture relationships. 

Several tests were also performed to determine the response of the 
subassembly ducts to external pressurizat ion. It was expected that since 
the system -was essentially in a metastable condition, the hexcan would prob
ably collapse in an asymmetric mode that would not necessari ly correlate 
with calculations which assume symmetric collapse. These test results are 
discussed in Chap. V, where the comparisons are made. 
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III. THE COMPUTER CODE 

A major objective of the experimental work is to evaluate the perfor
mance of the finite-element, structural-analysis computer code STRAW by 
comparisons of computed deflections and strains with actual test resul ts . In 
the initial phase of the experimental program, sample hexcan sections were 
subjected to hydrostatic loading conditions. In these tes ts , the p ressure was 
slowly increased to avoid inertial effects; at any instant, the deformed hexcan 
configuration satisfies static-equilibrium conditions. As the pressurizat ion 
was progressively increased, the deflections and strains were continuously 
monitored at selected locations, and pressures were recorded. 

In the hydrostatic experiments, the deformations were maintained 
essentially two-dimensional in a test region midway between the ends of the 
hexcan. The test region is sufficiently remote from the ends so that possible 
variations in the axial or z direction due to end effects are negligible. Of 
course, since the hexcan is not axially symmetric , the deflections and strains 
vary in the circumferential 6 direction. Also, s t ress and strain distributions 
occur through the hexcan wall thickness (i.e., in the radial r direction), so 
that in ternns of a conventional (r, 6, z) cylindrical-coordinate system, varia
tions occur in the radial r and curcumferential 0 directions, and conditions 
over the test section are uniform in the z-direction. Hence, the shell equations 
describing the deformation of the hexcan walls do not involve z; only r and G 
appear as independent spatial variables. 

For the dynamic conditions, the time t appears as a third independent 
variable, but according to convention the problem is still referred to as 
"two-dimensional" when only two spatial dimensions are involved. In this 
sense, the STRAW code is a two-dimensional, dynamic, finite-element code, 
A three-dimensional extension of STRAW, called SADCAT, has been developed 
at Argonne National Laboratory to treat variations in the axial direction 
(see Appendix A). 

Variations in the z direction were minimized by maintaining a uniform 
pressure loading in the z direction and by restricting attention to only those 
sections sufficiently remote from end effects. The loading was automatically 
axially uniform for the hydrostatic case, as the pressure was uniform every
where. For the dynamic case, to be investigated later in the progreim, elim
ination of p ressure gradients in the z direction presented a problem. In the 
dynamic test program a pressure source was developed consisting of a tube 
extending along the axis from end to end of the test hexcan. Explosive-product 
gases escaping from ports uniformly distributed along this line source created 
a p ressure pulse with small variations in the z direction at any instant of time. 
The resulting pressure loading in the axial direction will, of course, r i se and 
fall uniformly with time. The line source must not only be nearly uniform 
in the axial direction, but must also be centrally located to nnaintain two-
dimensional conditions. If the line source is eccentrically located, the loading 
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will be greater on one side of the hexcan than the other, and the entire hexcan 
will bend along its length as a beam fixed at its ends. As a result, for an ec
centrically positioned line source, even if axially uniform discharge conditions 
are maintained, a three-dimensional code such as SADCAT will be required to 
compute the deformations. In any case, whether static or dynamic, the SADCAT 
code would be required to compute deformations in the end regions. 

In this report , attention is focused upon comparing STRAW-code com
putations with hydrostat ic- test resul ts . A second report will treat the dynamic-
test program. Analysis and interpretation of the hydro static-test data precede 
examination of the dynamic-test data for several reasons. The most obvious 
reason for first performing the hydrostatic experiments is that the test condi
tions are clearly defined and much more sinnple than for the dynamic tests . 
Unlike the dynamic tes ts , the hydrostatic pressurization will be distributed 
perfectly uniformly, and at any instant the pressure can be accurately mea
sured at a single point. For the dynamic tes ts , perfectly uniforna burning of 
the charge and uniform discharge of the combustion gases throughout the 
length of the line source present difficult flow-control problems. P r e s s u r e -
wave reflections at the hexcan ends will introduce further uncertainties into the 
assumption of uniform pressure loading in the axial direction. 

The hydrostat ic-test data are more reliable also because possible 
ambiguities in the transient response of the instrumentation system will be 
minimized. Static deflections and strains can be accurately measured, and 
the pressurization process can be stopped at any stage to check out any 
measurements as carefully as desired. 

Another major reason for performing the hydrostatic tests before the 
dynamic tests is to first evaluate the influence of the material propert ies 
upon the sensitivity of the hexcan deformation. Our tests have established that 
the yield point and the strain-hardening, plastic-flow, region of the s t r e s s -
strain curve have a strong influence upon the amplitude of the hexcan response. 
The role of work hardening and of variations in the yield point can be isolated 
in the hydrostatic tests from the dynamic inertial effects and the s t ra in-ra te 
effects. 

Although the STRAW code was designed to solve dynamic problenns, it 
is also quite suitable to treat static problems. The code computes the defor
mation response of the hexcan at successive time intervals throughout the 
varying p ressure load. The method used in the STRAW code is referred to 
as an "explicit" computational procedure. This method is an alternative to 
the so-called "implicit" procedure. In the implicit procedure, the simulta
neous solution is obtained at each time interval for the complete system of 
equations describing the dynamic equilibrium conditions (i.e., force equals 
mass t imes acceleration) at every point. This procedure requires that all 
quantities pertinent to the computation be stored in the computer for every 
point. The explicit procedure is more efficient in te rms of computer-storage 
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requirements because the equations at a given local point a re solved directly; 
the computation then proceeds to the next point without storing intermediate 
values. Solving the local equations in this manner at all the points at a given 
time interval completes a "computational cycle," For the next time interval 
the computation is again repeated at each of the points. 

In this procedure, the solution of the equations at a local point is only 
approximate. The accuracy of the approximation depends upon choosing a 
sufficiently small time increment to control accumulation of the computational 
e r ror as the configurations are traced from an initial known state to the 
desired final state. The advantage of the explicit method is its simplicity in 
solving directly the linnited nunnber of local equations in each connputation 
rather than the entire simultaneous global systenn of equations. Much less 
computer storage is required than for the implicit method. The disadvantage 
of the explicit method is that questions of numerical convergence are more 
critical and many more computational cycles are required because the time 
increment must be kept much smaller. 

The concept of "path dependence" of the computation is important to 
understand because it demonstrates the necessity to perform experiments 
to establish the validity of the computational procedure. There is at present, 
no analytical means for proving that the computation converges to the correct 
description of the actual physical process . For a dynamic problenn, the con
figuration depends not only upon the loading at that instant, but also upon the 
previous loading history. This nneans that the specific loading at any given 
instant does not uniquely determine the geometrical configuration of the 
hexcan. As an aid to understanding this fact, it is convenient to visualize the 
processes involved by reference to a "phase space" in which the geometrical 
configuration can be regarded as a function of the loading. The configuration 
(i.e., the "value" of the function) for any given loading depends upon the 
"pathline" of previous states that the hexcan has undergone before the given 
loading. Hence, for dynamic loading, we say that the configuration is "path-
dependent," and to compute the configuration it is necessary to compute all 
the prior states starting from the zero loading condition. 

An exception can be noted for the very special circumstances in which 
the loading would proceed so slowly that inertial effects can be ignored and 
the mater ia l nowhere exceeds the elastic limit. The deformation process 
would then be "reversible" in the thermodynamic sense, and the resulting 
configuration would be a unique function of the loading. In this case , the 
deformation process is "path-independent" and the configuration state at any 
instant is a "point function." Computation of intermediate states would then 
be unnecessary. It would be sufficient simply to satisfy the static-equilibrium 
equations to obtain a solution. An innplicit code would be most appropriate to 
solve this type of problem. Unfortunately, for the hexcan problenn, s t ress 
concentrations in the corner regions will very quickly lead to plastic-flow 
conditions, so that, even for very slow-loading conditions, under which inertial 
efforts are negligible, the deformations will not be path-independent. 



29 

We see then that, for a hydrostatic problem that involves inelastic 
deformations, there is no advantage in using an implicit code, because the 
path dependence requires that all intermediate states be computed. Hence, 
the explicit STRAW code is adequate to compute hydrostatic as well as dynamic 
problenns, and a meaningful basis for evaluation of the code performance can 
be derived from correlations with hydrostatic test resul ts . 

The necessity of running experiments to establish the range of accu
racy of code computations for path-dependent problenns should be emphasized. 
Such validating experiments are required, even when it appears that the 
calculations are converging. The absence of obvious numerical instabilities, 
as evidenced by diverging numerical oscillations or a rapid unrealistic growth 
of a computed quantity, is no assurance that the numerical solution is con
verging to the correc t description of the physical events. Satisfying conver
gence cr i te r ia imposes a necessary but not a sufficient condition for a correc t 
answer. For example, if an energy-balance condition is violated, it is evident 
that the computation is diverging. However, satisfying an energy cri terion 
does not guarantee that the computation is correct for a path-dependent process 
because the solution is not unique. 

As the computation proceeds, e r ro r s can be expected to grow, not 
only for an explicit computational procedure, but also for an implicit procedure 
in which the system of equations is solved exactly at each time cycle. E r r o r s 
occur because it is possible to "March ahead" in time only by finite time 
steps. The computed current configuration is an approximate extrapolation 
from the preceding state. Although the e r ro r for a single step can be made 
arbi trar i ly small by choosing a sufficiently small time interval, the number 
of computational cycles required to reach a specified time will increase. 
There is no analytical way to fix an upper bound for the accunnulated e r ror . 
Only by comparisons with experimental results can the degree of divergence 
be gauged. 

It has been noted that path dependence ar ises because of dynamic 
effects (e.g., s t ra in-ra te dependence and nonequilibrium) and because plastic 
defornnations are i r revers ib le . Geometric considerations can also influence 
path dependence. For example, constraining a motion to one degree of free
dom may make the motion path-independent. If a rod is loaded in a tensile 
test machine, the resulting uniaxial s t r e s s - s t r a in relationship is uniquely 
determined in the range up to the ultimate s t ress point provided the strain in
creases monotonically, and slowly enough to avoid significant s t ra in-ra te 
effects. The deformation of the rod is essentially constrained to a one-
dimensional recti l inear motion. In the STRAW code the finite elements are 
modeled as beams that consist of independent longitudinal layers or "fibers" 
that are uniaxially s t ressed just as are the tensile specimen. Hence, these 
STRAW-code fibers have a unique s t r e s s - s t r a in relationship provided there 
are no s t ress reversa l s . 
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Consider, on the other hand, the hexcan wall sector with two geometri
cal degrees of freedonn, rather than constrained to recti l inear motions. Al
though the sector m a y b e loaded so that s t ress reversa ls do not occur, the 
final equilibrium shape will not be a point function, but will depend upon the 
loading history. This means that, because the STRAW code allows two degrees 
of freedom, the deformation of the hexcan is path-dependent, even for hydro

static pressurizat ion. All intermediate 
states nnust be computed from the 
initial unloaded state to the final hydro
static state, whether the code is 
explicit (as STRAW is) or implicit. 
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Fig. 20. Examples of Strain Reversals at Corner Outer 
Surface and Midflat Inner Surface for Inter
nal Pressurization of Annealed Hexcan at 
Room Temperature (1 ksi = 6.895 MPa). 
ANLNeg. No. 900-5323. 

It shou ld be r e m a r k e d tha t a s 
the h e x c a n i s p r e s s u r i z e d , s t r a i n r e 
v e r s a l s o c c u r a t t he o u t s i d e s u r f a c e 
of the c o r n e r r e g i o n s and a t the i n n e r 
s u r f a c e a t t he m i d f l a t , a s shown in 
F i g . 20 , so t ha t the u n i a x i a l s t r e s s -
s t r a i n r e l a t i o n i s a l s o not u n i q u e . This 
a d d i t i o n a l n o n u n i q u e n e s s c o n t r i b u t e s 
f u r t h e r to the p a t h d e p e n d e n c e and 
c o n s e q u e n t l y to p o s s i b l e f u r t h e r d i v e r 
g e n c e f r o m the t r u e so lu t ion . 

S i m i l a r l y , the i n t r o d u c t i o n of 
a t h i r d d e g r e e of f r e e d o m in to the 
p r o b l e m wi l l i n t r o d u c e an e v e n g r e a t e r 
p a t h d e p e n d e n c e and a g r e a t e r t endency 
for t he c o m p u t a t i o n s to d i v e r g e . The 
S A D C A T c o d e fo l lows a t h r e e -
d i m e n s i o n a l c o m p u t a t i o n a l p r o c e d u r e . 
When the c o d e i s a p p l i e d to a n o m i n a l l v 
t w o - d i m e n s i o n a l p r o b l e m , it a p p e a r s 
( s e e F i g , 21) tha t the c o m p u t a t i o n 
d i v e r g e s s l i g h t l y m o r e t h a n for the 
a p p l i c a t i o n of the S T R A W c o d e to the 
s a m e p r o b l e m . The e x p l a n a t i o n 

a p p a r e n t l y l i e s p a r t i a l l y in the a d d i t i o n a l d e g r e e of f r e e d o m , and c o r r e s p o n d 
ing ly g r e a t e r c o m p l e x i t y , of t he SADCAT c o m p u t a t i o n a l p r o c e d u r e . 

The m a i n c o n c l u s i o n s to t h i s s o m e w h a t e x t e n d e d d i s c u s s i o n c a n be 
s u m m a r i z e d a s f o l l o w s : 

1. To calculate the deformation of a hydrostatically pressur ized 
hexcan, all the intermediate states, starting fronn the unloaded can. must be 
computed, 

2. Because of the state path dependence there are no reliable mea
sures of convergence, so the accuracy of the computed results must be estab
lished by experiments. 
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Fig. 21. Comparison of Measured Midflat Displacements 
with STRAW and SADCAT Computations for 
Internally Pressurized Annealed Hexcan at 
Room Temperature (1 mil = 0.0254 mm; 
1 psi = 6.895 kPa) 

For further discussion 
of the technical details of the STRAW 
code and of the three-dimensional 
SADCAT code, see Appendix A and 
Refs. 1-5. 

IV. MECHANICAL PROPERTIES OF 
THE STEEL 

The mechanical response of 
the hexcan to pressure loads is 
strongly dependent upon the mater ia l 
propert ies of the steel. The mater ia l 
properties that influence the defor
mation response are represented by 
the s t r e s s - s t r a in relationship, A 
graph of the s t ress - s t ra in relation
ship may be plotted based upon ten
sile tests of a Type 316 stainless 

steel specimen cut from the hexcan and stretched in a tensile test machine. 
The initial s t r e s s - s t r a in relationship is l inear-elast ic , but with increasing 
load the linnit of the linear range of slope equal to Young's modulus E will be 
reached, and the slope of the s t r e s s - s t r a in graph will begin to decrease. This 
point is called the "proportional limit," 

For strains slightly beyond the linear region the material may retain 
its elasticity, i .e., be nonlinearly elastic in the sense that the original config
uration will be restored with no permanent deformation upon removal of the 
load. However, plastic flow, which produces permanent deformation, will 
quickly ensue under further extension. The point at which plastic flow is 
defined to start is called the "yield point." Since plastic yielding begins very 
close to the proportional limit, the "yield s t r e ss" will be defined on the s t r e s s -
strain graph as the point at which the graph begins to deviate from the initial 
elastic straight line. For Type 316 stainless steel, as for many real mater ia l s , 
this point is not easily distinguished because the transition in slope is very 
gradual. Because of this difficulty in determining precisely where the line 
begins to change slope, a common practice is to define a 0,2% "offset yield" 
at the point where, after re lease of the load, the tensile specimen retains a 
permanent 0,2% residual strain. 

The yield s t ress for the Type 316 stainless steel can vary over a wide 
range, depending upon the ambient conditions, and upon the history of the 
metallurgical and forming processes that the steel undergoes. The hexcan 
is fornned fromahoUow, circular cylinder. The cylinder is drawn through a suc
cession of dies, which simultaneously shape the hexcan corners and reduce the 
wall thickness. The mater ia l is hardened during the drawing process . The degree 



32 

^ 
t 

40 

30 

20 

o 

(OPH BASED UPON 500-g LOAD) 

O SMALL OIA TUBING 

• DUCTS 

of hardening is related by an empirical correlation (see Fig. 22) to the "cold-
working," which is measured by the percent reduction in the cross-sect ional 

area. The corner also undergoes 
additional hardening due to the bend
ing work, so that a gradient of in
creasing hardening extends from the 
midflat to the corner. However, to 
reduce the gradient, between each 
step of the drawing process , the 
steel is annealed to remove all work 
hardening developed by the previous 
draw. 

Before the last draw, the 
hexcan shape is fully developed and 
the corners have undergone all the 
required bending. Hence, the last 
draw should produce work hardening 
due only to a final reduction in the 
wall thickness. After a final an-

180 220 260 300 

DIAMOND POINT HARDNESS 

340 380 

Fig. 22. Empirical Correlation of Coldworking and 
Hardness for Type 316 Stainless Steel 
(from Paxton et al., HEDL 7306-51.7) 

n e a l i n g , the f inal d r a w r e d u c e s the c r o s s - s e c t i o n a l a r e a of the w a l l to the 
d e s i r e d c o l d w o r k e d l e v e l , w h i c h shou ld be u n i f o r m o v e r t he c i r c u m f e r e n c e of 
the c y l i n d e r , s i n c e the c o r n e r and the m i d f l a t wa l l t h i c k n e s s e s a r e e q u a l l y 
r e d u c e d . The m e a s u r e m e n t s of d i a m o n d - p o i n t h a r d n e s s (DPH) s h o w n in 
F i g . 23 for the n o m i n a l , a s - r e c e i v e d 2 0 % - c o l d w o r k e d h e x c a n show tha t the 
h a r d n e s s i s not qu i t e a s u n i f o r m a s e x p e c t e d , but t ha t a h a r d n e s s p r o f i l e 
e x i s t s wi th an i n c r e a s i n g g r a d i e n t f r o m the m i d f l a t to the c o r n e r . An a v e r a g e d 
g r a d i e n t i s shown in F i g . 24. The c o r n e r h a s D P H v a l u e s of abou t 310 and 
v a l u e s a t the m i d f l a t of abou t 280. The D P H v a l u e of 280 c o r r e s p o n d s to a 
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Fig. 23. Survey of Diamond Point Hardness of Sample over Wall Thickness 
for a Nominal 20^o-coldworked Hexagonal Duct in Condition 
Received from Vendor (1 in. = 2.54 cm) 
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Average Hardness Profile from Mid-
flat to Corner for Sample, Nominal 
20^0-coldworked, Hexagonal Duct 
Section (1 in. = 2.54 cm) 
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coldworking greater than 20% (see Fig, 23), and the higher value in the corner 
indicates that residual strain hardening may remain from earl ier forming 
draws. 

Based upon the DPH profile, we can infer that the nominal 20%-
coldworked hexcan is harder and stiffer, with residual coldworking in excess 

of 30% in the corners . The 
te rm "stiffness" refers specifi
cally to the relative magnitude 
of the yield s t ress at the elastic 
limit of the steel. The s t r e s s -
strain graphs in Fig, 25 show 
that the mater ia l becomes 
stiffer (and less ductile) as the 
percent coldworking, or cor
related work hardening, is 
increased. 
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Fig. 25. Graphs of True Stress vs Engineering Strain for Annealed 
and 20^0- and 50^o-coldworked Type 316 Stainless Steel 
Test Hexcans (1 ksi = 6.895 MPa) 

The hydrostatic tests 
have dennonstrated that the 
value of the yield s t ress has a 
strong influence upon the mag
nitude of the hexcan deflection 
produced by a specified p r e s 
sure loading. Lowering the 
yield s t ress will obviously in
crease the deflection, and stiff
ening the hexcan mater ia l will 
reduce the deflection. To 

deterinine the sensitivity of the deflections to variations in ductility, a ser ies 
of hexcans was tested over a range of mechanical mater ia l propert ies . The 
maximum ductility for the test ser ies was obtained by solution-annealing an 
as-received 20%-coldworked test section. The yield point was lowered from 
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98 to 25 ksi (675.7 to 172.4 MPa) for the annealed specimens. A stiff hexcan 
specimen was specially fabricated. A new set of dies was designed to modify 
the wall-thickness reduction between successive draws. The final draw pro
duced a 50% rather than the usual 20% coldworking. The yield s t ress was 
then raised from 98 to 119 ksi (675.7 to 820.5 MPa). In this way, a range of 
ductility conditions was made available for testing. 

Graphs of the stres s-strain relationships for the annealed, the nominal 
20%, and the 50%-coldworked Type 316 stainless steel hexcan test specimens 
are shown in Fig. 25. The annealed mater ial is quite ductile, and the annealed 
tensile specimen was drawn out to a local strain of about 230%, Compared 
with this final strain at fracture, the strain at the elastic limit is only about 
0,089% and can scarcely be detected on the scale shown in Fig. 25. The initial, 
l inear-elastic range of the graph appears as a straight, almost vert ical , line 
with a high slope equal to a Young's modulus E of 28 x 10^ psi (193 x 10^ kPa). 
When the strain increases beyond the proportional limit, the slope of the 
graph, or tangent modulus Etan. monotonically declines. For a perfectly 
plastic material , the slope would change discontinuously from the elastic 
value E to a zero value at the proportional limit. No further increase in the 

s t ress would occur; the yie ld-s t ress value 
would be maintained for plastic strains. 
However, the large s t ress increase mea
sured after the yield point shows that 
considerable strain hardening occurs for 
the Type 316 stainless steel. 

STRESS 

YIELD f ^ ^ 

PERMANENT 
PLASTIC STRAIN 

STRAIN 

Fig. 26. General Characteristics of 
Stress-Strain Graph 

Note tha t the s t r e s s - s t r a i n r e l a 
t i o n s h i p s shown in F i g . 25 for t he t e n s i l e -
t e s t spec innens a r e for a m o n o t o n i c a l l y 
i n c r e a s i n g s t r a i n . If t he s p e c i m e n w e r e 
u n l o a d e d , the s t r e s s wou ld be r e l i e v e d 
a long a l i n e a r - e l a s t i c l i n e , a s shown in 
F i g . 26. The r e s i d u a l p e r m a n e n t s t r a i n 
i s a m e a s u r e of t he p l a s t i c flow. Any 

i n c r e m e n t a l s t r a i n in the s t r a i n - h a r d e n i n g p l a s t i c - f l o w r a n g e of the g r a p h 
c a n be r e s o l v e d in to p l a s t i c and e l a s t i c c o m p o n e n t s , a s shown in F i g . B.4 of 
A p p e n d i x B. The " l o c a l p l a s t i c s l o p e " E p is de f ined by the p l a s t i c - s t r a i n 
c o m p o n e n t ( s e e Eq . 13 , A p p e n d i x B) , and s i n c e the p l a s t i c - s t r a i n c o m p o n e n t 
i s m u c h l a r g e r t h a n the e l a s t i c - s t r a i n c o m p o n e n t , the p l a s t i c s l ope E ^ i s a 
good a p p r o x i n n a t i o n to the a c t u a l t a n g e n t s l ope E t a n of the g r a p h (de f ined bv 
the t o t a l s t r a i n c o m p o n e n t ) . 

The in f luence of c o l d w o r k i n g upon the m e c h a n i c a l p r o p e r t i e s of the 
h e x c a n s t e e l i s shown in F i g . 25 . An i n c r e a s e in c o l d w o r k i n g r a i s e s t he y i e l d 
s t r e s s , m a k i n g the h e x c a n c o n s i d e r a b l y m o r e r e s i s t a n t to d e f l e c t i o n s . T h i s 
i n f l uence i s d e m o n s t r a t e d in T a b l e III , which c o m p a r e s the p e a k m i d f l a t 



35 

deflections for three test hexcans under an internal pressurizat ion of 2400 psi 
(16,5 MPa). The three hexcans span a range of yield s t ress from 25 ksi 
(172,4 MPa) for the annealed steel to 119 ksi (820.5 MPa) for the 50%-
coldworked steel. The s t r e s s - s t r a in curves for the three hexcan mater ia ls 
are shown in Fig. 25. 

TABLE III. Effect of Coldworking upon Proper t ies 
of Type 316 Stainless Steel 

Coldwork, 
% 

Yield St ress , 
ksi (MPa) 

Peak Radial Deflection 
at 2400 psi (16.5 MPa), 

mils (mm) 

0 (annealed) 
20 
50 

25 (172.4) 
98 (675,7) 

119 (820,5) 

300 (7,62) 
148 (3,76) 
85 (2,16) 

Table III shows that the 50%-coldworked steel is much stiffer than the 
annealed steel. The peak deflection appears roughly to vary inversely with 
the yield s t ress . Under actual reactor operation, the ambient conditions will 
strongly influence the mechanical mater ia l propert ies . The elevated tem
peratures lower the yield s t ress ; the embrittling effects of irradiation, which 
accumulate over a longer time period, will have the opposite effect, tending 
to raise the yield s t ress . The room-temperature tests presented in this report 
are not intended to model the in-reactor operational hexcan. Rather, test 
results were compared with STRAW computations to verify the code performance. 

Because of the sensitivity of the hexcan response to the s t r e s s - s t r a in 
relationship (see Fig. 27), in part icular to the value of the yield s t r e s s , it is 
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a p p a r e n t that the a c t u a l m e c h a n i c a l p r o p e r t i e s of the s t e e l in e a c h t e s t h e x c a n 
nnust be e s t a b l i s h e d . To a c c o m p l i s h t h i s , s a m p l e t e n s i l e c o u p o n s w e r e cu t 
f r o m e a c h t e s t h e x c a n and the m e c h a n i c a l p r o p e r t i e s of the s a m p l e w e r e m e a 
s u r e d by the M a t e r i a l s S c i e n c e D iv i s i on at A r g o n n e N a t i o n a l L a b o r a t o r y , The 
d e t e r m i n a t i o n of the s t r e s s - s t r a i n r e l a t i o n s shown in F i g . 25 i s d e s c r i b e d 
be low. 

A. Annea l ed Type 316 S t a i n l e s s S tee l 

The h e x c a n s h a p e is f o r m e d by s u c c e s s i v e d r a w s t h r o u g h a s e r i e s of 
d i e s . The f i r s t d r a w r e d u c e s the wal l t h i c k n e s s and l e a v e s the s t e e l in a 
c o l d w o r k e d s t a t e . Th i s c o l d w o r k i n g i s t hen r e m o v e d by a n n e a l i n g b e f o r e the 
next d r a w . After c o m p l e t i o n of the final d r a w i n g , the n o m i n a l c o l d w o r k i n g is 
20%, a s b a s e d upon the a r e a r e d u c t i o n of the l a s t d r a w . 

To a c h i e v e a h i g h e r c o l d w o r k i n g of 50%, a new se t of d i e s w a s d e s i g n e d 
so that the f inal d r a w r e d u c e d the c r o s s - s e c t i o n a l a r e a by 50%, The t e s t 
h e x c a n s r e f e r r e d to a s " a n n e a l e d " w e r e o b t a i n e d fronn d u c t s for wh ich the 

final d r a w i n g l e a v e s the s t e e l 
in the n o m i n a l " a s - r e c e i v e d " 
s t a t e of 20% c o l d w o r k i n g . The 
c o l d w o r k i n g w a s then r e m o v e d 
by s o l u t i o n - a n n e a l i n g at 1850°F 
(1010°C) for 10 m i n , fo l lowed 
by a slow^ coo l ing . 

B e f o r e the t e s t h e x c a n s 
w e r e s u b j e c t e d to p r e s s u r i z a t i o n 
e x p e r i m e n t s , a 3- in . ( 7 . 6 2 - c m ) -
long s a m p l e s e c t i o n w a s cut 
f r o m e a c h t e s t h e x c a n . All 
s e c t i o n i n g w a s p e r f o r m e d with 
cutoff w h e e l s to avoid the i n t r o 
duc t ion of s t r a y h a r d e n i n g . 
T e n s i l e c o u p o n s w e r e then 
m a c h i n e d f r o m a l t e r n a t e f lats 
of the s a m p l e s e c t i o n . The shape 
of the t e n s i l e s p e c i m e n i s shown 
in F i g . 28. F r o m one of the 
r e m a i n i n g f la ts of the s a m p l e 
s e c t i o n , a t r a n s v e r s e s e c t i o n 
w a s p r e p a r e d for a d e t e r m i n a t i o n 
of the m i c r o h a r d n e s s p r o f i l e . 
The s e c t i o n w a s m e t a l l o g r a p h i -
c a l l y m o u n t e d and c a r e f u U v 
p o l i s h e d . In i t i a l g r i n d i n g w a s 
done with a W h i r l i m e t g r i n d e r 
and wet a b r a s i v e - p a p e r d i s k s 
r e m o v i n g at l e a s t 0.5 m m of 

Fig. 28. Annealed Type 316 Stainless Siccl Tensile 
Specimens before and after Testing. Neg. 
No. MS|)-5;)5'2'J. 
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metal before a finish grinding with 320- and 400-grit disks. Polishing was 
done with 500-g weights and Linde A wet alumina on nylon cloth in a Syntron 
polisher for 2 hr. 

The length of the gage section of the tensi le-test specimen was chosen 
to be 1 in. (2.54 cm). Because a further length of 1 in, (2,54 cm) was required 
at each end for clamping purposes (see Fig. 28), the total sample length r e 
moved from the hexcan was 3 in. (7,62 cm). Because of limitations in mater ia l 
availability, longer gage sections were not tested. In addition, the 1-in, 
(2, 54-cm) gage length was convenient because the elongation for uniform strain 
is directly equal to the engineering strain. Young's modulus could not be 
accurately determined from the tensile test because the elongation was so 
small in the elastic range for the short gage section. The conventional nominal 
value of 28 x 10^ psi (1.96 x 10° kPa) is representative for Type 316 stainless 
steel and was assumed for computational purposes. Young's modulus is nearly 
independent of the strain rate , and the permanent deformations that are of 
principal concern are not sensitive to the value of Young's modulus. The value 
of the yield s t ress is of much greater importance. 

Strains were determined fronn displacements measured with an exten-
someter mounted directly on the specimen gage section. When the load is in
creased an unstable point is reached at which the specimen begins to neck 
down at some section. At this point, the load reaches a maximum and the 
corresponding s t ress is called the "ultimate s t ress ," Under further extension 
the load will diminish. Extensometer measurements made beyond the ultimate 
point, represent only an average strain over the specimen gage length and are 
not applicable for the computations since the resulting s t ress - s t ra in graph is 
not unique. The local strain beyond the ultimate s t ress was determined from 
measurements of the area contraction at the minimum area of the necked-down 
specimen. The s t r e s s - s t r a in tests were run on an Instron tensile test machine 
operated at a specified constant crosshead speed. The strain data were ob
tained from an auxiliary X-Y recorder connected to an extensometer and the 
Instron load circuit. The test data for annealed specimens as reported by the 
Materials Science Division at ANL are summarized in Table IV, 

The tensi le-test data shown in Table IV are for specinnens taken fronn 
four annealed test hexcans (prefix numbers 7-10). For each hexcan, a speci
men was taken from each of three alternate flats (i,e,, three specimens with 
suffix labels B, D, and F for each can). As is well known, the rate at which 
the steel is strained has an influence upon the value of the yield s t ress . In 
the tensile tes ts , the crosshead moves at a small but finite speed. In fact, in 
the hydrpstatic hexcan tes ts , the hexcans are slowly pressur ized so that there 
are no inertial effects, but a question can be raised concerning the influence 
of the snnall but finite s t ra in- ra te effects upon the yield-point value of the steel. 
The assumption is made that the yield s t ress obtained for the slowest c ro s s -
head speed [0,02 in,/min (8.46 x 10"^ mm/sec)] will correspond sufficiently 
accurately to the yield s t ress of the hydrostatically pressur ized hexcans. The 
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discrepancy in the actual values should not exceed the scatter [standard devia
tion of 0,7 ksi (4,8 MPa) for the seven data points at 0.02 in,/min (8,46 x 
10"^ mm/sec)] in the tensile-test data. Based upon the limited number of data 
points at higher crosshead speeds, the slope of the graph (see Fig, 29) of yield 
s t ress versus crosshead speed appears to be small, so that variations in yield 
s t ress at low strain rates will not noticeably affect the hexcan computations. 

TABLE IV. Tens i l e - t e s t Results for Annealed 
Type 316 Stainless Steel^ 

Sample 

7-AN-B 
7-AN-D 
7-AN-F 
8-AN-B 
8-AN-D 
8 - A N - F 
9-AN-B 
9-AN-D 

10-AN-B 
lO-AN-D 

Initial 
Area, 

in.^ (cm^) 

0.02991 (0.19297) 
0.03141 (0.20264) 
0.02914 (0.18800) 
0.02980 (0.19226) 
0.03101 (0.20006) 
0.03006 (0.19394) 
0.03006 (0.19394) 
0.02957 (0.19077) 
0.02969 (0.19155) 
0.03010 (0.19419) 

Crosshead 
Speed, 
in. /min 

(mm/sec ) 

0.20 (0.085) 
0.02 (0.008) 
5.0 ^2.117) 
2.0 (0.847) 
0.02 (0.008) 
0.02 (0.008) 
0.02 (0.008) 
0.02 (0.008) 
0.02 (0.008) 
0.02 (0.008) 

0.2% Yield 
S t r e s s , 

ksi (MPa) 

31.4 (216.5) 
29.3 (202.0) 
39.5 (272.3)'= 
31.9 (219.9)^= 
27.7 (191.0) 
28.4 (195.8) 
28.8 (198.6) 
29.1 (200.6) 
27.6 (190.3) 
27.4 (188.9) 

Ultimate 
Strength. 
ksi (MPa) 

81.1 (559.2) 
79.3 (546.8) 
79.8 (550.2) 
79.2 (546.1) 
78.9 (544.0) 
79.3 (546.8) 
80.2 (553.0) 
81.5 (561.9) 
78.8 (543.3) 
78.2 (539.2) 

Maximum 
Uniform 
Strain, % 

53.5 
64 
46 
47.4 
68 
63 
63 
67 
65 
67 

Final 
Load, 
lb (kg) 

1550 (703) 
1680 (762) 
1750 (794) 
1525 (692) 
1485 (674) 
1500 (680) 
1510 (685) 
1600 (726) 
1480 (671) 
2025 (919) 

Aneck,^ 
in.^ (mm^) 

0.0083 (5.355) 
0.0085 (5.484) 
0.0089 (5.742) 
0.0085 (5.484) 
0.0082 (5.290) 
0.0075 (4.839) 
0.0081 (5.226) 
0.0085 (5.484) 
0.0078 (5.032) 
0.0108 (6.968)** 

^Engineering values for samples of rectangular gage section, 0.12 x 0.25 in. (0.3 x 0.6 cm) , and 1-in. 
(2 .54-cm) original gage length. 

^Posttest c r o s s - s e c t i o n a l area at failure site. These c r o s s sect ions were of concave rectangular shape. 
Maximum and minimum dimensions were measured with a 0.03-in. (0 .7 -mm)- th ick blade micrometer to 
calculate average area. 

'^High values due partly to Instron annplifier rate l imitation [later test indicated a value of 35 ksi (241 MPa)]. 
Test stopped before sample failure. 

0.1 1.0 
CROSSHEAD SPEED, In./fnin 

10 

Fig. 29 

Estimated Influence of Crosshead Speed upon Magni
tude of Uniaxial Yield Stress for Annealed Hexcan 
Tensile-test Specimens (1 ksi = 6.895 MPa; 
1 in./min = 0,423 mm/sec) 

An example tensi le- test-data plot of load (per unit original area) 
versus percent elongation of the 1-in, (2,54-cm) gauge section is shown in 
Fig, 30, The tensile force, as measured with a load cell, divided by the orig
inal gage-section average area corresponds to the conventional "engineering 
s t r e s s" for strains up to the point of maxinnum load. Beyond this ultinnate 
point, the engineering s t ress as defined by the graph is not applicable for the 
computations. However, the STRAW code uses the "true s t r e s s" (i.e., the load 
divided by the instantaneous local area) and the engineering strain as input 
data. 
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SPECIMEN 7 - A N - B 

(CROSSHEAD SPEED 0.2 in./min) 

Fig. 30 

Tensile-test Data for Unit Load vs Elongation 
for an Annealed Hexcan Tensile Specimen 
(7-AN-B), Crosshead Speed Being 0.2 in./min 
(1 ksi = 6.895 MPa; 1 in. = 2.54 cm; 
1 in./min = 0.423 mm/sec) 

0 2 4 6 8 10 12 14 16 
ELONGATION OF 1-in. GAGE LENGTH. 7o 

Up to the ultimate point, the true s t ress is uniform over the gage length 
and is derived from the engineering s t ress by the formula (see Appendix C) 

Qt = a(l + e), 

where at is the true s t r e s s , and a and e are the engineering s t ress and strain, 
respectively. The engineering strain is the percent elongation of the gage 
length of the tensile specimen for uniform strains up to the ultimate point. 
Beyond the ultimate point, the s t resses and strains become nonuniform, and 
the local true s t ress is given simply by the load divided by the minimum 
area A of the necked-down region. 

The engineering strain is determined (see Appendix C) from the mea
sured area A and the initial gage-section area AQ: 

= x - i -

Note that the s t r e s s - s t r a in graph shown in Fig, 30 is not unique for strains 
beyond the ultimate point. For this reason, the load per unit area and percent 
elongation are not used for computations beyond the ultimate point. The graphs 
will differ for different gage lengths or cross-sect ional a reas . 

Microhardness surveys were made for each of the four annealed test 
hexcans listed in Table IV. An example of a diannond-point-hardness (DPH) 
survey is shown in Fig. 31. 

The variations in the hardness values can be attributed to typical fluc
tuations in such microst ructural details as grain boundaries and precipitates. 
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The t r e n d in the h a r d n e s s v a l u e s i n d i c a t e s tha t the s o l u t i o n - a n n e a l i n g w a s n o t 
p e r f e c t l y u n i f o r m and tha t s o m e r e s i d u a l c o l d w o r k i n g r e m a i n e d in t he c o r n e r r e 
gion. If we a s s u m e tha t the a v e r a g e D P H v a l u e of 134 at the m i d H a t c o r r e s p o n d s 
to p e r f e c t a n n e a l i n g , then the i n c r e a s e d D P H v a l u e of abou t 137 a t t he c o r n e r c o r 
r e s p o n d s to about a 2% i n c r e a s e in c o l d w o r k i n g . T h i s e s t i m a t e i s b a s e d upon the 
e m p i r i c a l c o r r e l a t i o n b e t w e e n D P H v a l u e s and p e r c e n t c o l d w o r k i n g shown in 
F i g , 22, B a s e d upon F i g . 32, th i s 2% i n c r e a s e in c o l d w o r k i n g s hou ld c o r r e s p o n d 
to an i n c r e a s e of about 5 k s i (34.5 M P a ) for the y ie ld s t r e s s in t he c o r n e r . 

• DIAMOND POINT HARDNESS TRAVERSES 
(0.020 in. SPACED INTERVALS WITH 500 gm LOAD) 

138 DPH 
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Fig. 31. Diamond-point-hardness Survey over Wall Thickness 
for Annealed Test Hexcan (1 in. = 2.54 cm) 
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Effect of Coldworking on Mechanical Prop
erties of Type 316 Stainless Steel (Interna
tional Nickel Co.) (1 psi = 6.895 kPa). 
ANL Neg. No. 900-4706. 
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Note in F i g . 31 tha t not only d o e s the h a r d n e s s i n c r e a s e a long the w a l l 
f r o m the m i d f l a t to the c o r n e r r e g i o n , but t h e r e is a l s o a s ign i f i can t v a r i a t i o n 
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in DPH values across the wall thickness. This variation may indicate that the 
hardness was influenced by factors other than the simple coldworking as mea
sured by the area reduction from drawing, extrusion, or rolling processes . 
For example, when the corner is shaped, the outer surface is stretched and 
the inner surface is compressed, so that differences in hardness through the 
wall thickness should not be unexpected. 

To further i l lustrate that the yield point is not completely deternnined 
by the area-reduction measure of coldworking, reference can be made to some 
reported tensile tes ts . The yield s t resses of two 50%-coldworked samples 
were measured. One sample was taken from a duct following the first hexag
onal draw. The wall thickness was 0.130 in, (0,33 cm), corresponding ap
proximately to a 50% reduction in cross-sect ional area. The other sample 
was prepared from solution-annealed mater ia l cut from a rejected duct that 
was then rolled down to a 50% reduction in area. Although both samples had 
50% coldworking, the yield s t ress for the sample from the drawing process 
was 140 ksi (965 MPa), compared to 155 ksi (1069 MPa) for the rolled specimen. 

The dependence of the yield s t ress upon the type of working process 
may indicate an anisotropy in the tensile propert ies . It is possible that the 
yield s t ress for tension in the longitudinal direction of the duct (i.e., the axial 
direction) may differ from the yield s t ress for tension in the t ransverse , or 
lateral , duct direction. The tensi le- test specimens (those whose results are 
given in Table IV) were cut so that the tension direction corresponded to the 
longitudinal direction of the duct. However, the filament layers of the finite-
beam elements used in the STRAW code are subjected to tension (and 
compression) in the t ransverse direction of the duct so that possible anisotropy 
may account for some variations in the yie ld-s t ress values. 

The check the influence of possible anisotropies, an additional tensile-
test specimen (8-AN-E, not included in Table IV) was cut from the duct ma
terial so that the tension direction corresponded to the lateral , rather than 
the longitudinal, duct direction. For a crosshead speed of 0,02 in,/min 
(0,008 mm/sec) , the yield s t ress was 28,9 ksi (199 MPa), This result is con
sistent with the data for the specimens cut in the longitudinal direction and 
indicates the apparent anisotropic influence. 

When the annealed hexcan was pressur ized, considerable permanent 
defornnation took place before fracture occurred in the corner region (see 
Fig, 16), During the expansion of the hexcan, the wall thickness was reduced 
fronn 120 to about 95 mils (3,0 to ~2.4 mm), corresponding to an area decrease 
of about 20% (i.e,, 20% coldworking). After the pressurizat ion test, a diamond-
point-hardness survey was made for a sample cut from the ruptured hexcan. 
The resul ts shown in Table V are roughly consistent with the coldworking in
c rease during the pressurization. For comparison, the posttest hardness of 
the nominal 20%-coldworked test hexcan is also shown in Table V, The per
manent diametral flat-to-flat increase was only about 0,3 in, (0.762 cm) 
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compared to an increase of about 2.81 in. (7.14 cm) for the annealed can. The 
failure pressure was also much lower, 2300 psi (15.9 MPa) compared to about 
4500 psi (31,0 MPa) for the annealed can. For the much smaller deflection 
the reduction in wall thickness was almost negligible, and little increase in 
hardness was observed. Hence, we see that the posttest hardness values for 
the annealed can are comparable to the posttest values for the nominal 20%-
coldworked can. 

TABLE V. Posttest Microhardness 
Measurements of Duct 

Average^ Vickers 
Microhardness, kg/mm 

Location on Duct 

Near fracture 

On flat, 1/2 in. (1.27 cm) 
from fracture 

On flat, midway between 
fracture and corner 

On flat, 1/2 in. (1.27 cm) 
from unfractured corner 

Duct 
ST-IOII 

316 

299 

300 

297 

Duct 
ST-1031 

328 

282 

271 

275 

^Each value is an average of five indents made with 
500-g load. 

B, The 20%-coldworked Steel with Hardness Gradients 

A microhardness examination of a hexcan duct received directly from 
a vendor indicated that the prescribed nominal 20% coldworking was not uniform 
throughout the duct. The longitudinal hardness profile shown in Fig. 33 reveals 
two regions of distinctly different hardness. A sharp change in the DPH values 
occurred at a transitional texture line extending around the circumference of 
the duct a short distance from the load pad, A circumferential hardness survey 
made in the region of greater hardness shows in Fig. 34 a distinct hardness 
gradient, ranging from 300 DPH units in the midflat region to over 350 in the 
corner region. Based upon the empirical correlation of Fig. ZZ, the DPH values 
indicate a coldworking gradient fronn a midflat value of about 3 5% to over 40% 
in the corner. These coldworking values are considerably higher than might 
be expected for a prescribed nominal 20%-coldworked duct. 

A comparison is made in Fig. 34 with a more expected hardness profile 
reported by M. Paxton (HEDL, private communication) that corresponds to a 
variation in coldworking from about 20% over the midflat to 35% in the corner . 
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T h i s c o l d w o r k i n g p r o f i l e i s m o r e c o n s i s t e n t w i th t h e s o f t e r p a r t of t he d u c t , 
c o r r e s p o n d i n g in F i g , 33 to t he r i g h t s i d e of the t r a n s i t i o n l i n e . The n o m i n a l 
2 0 % - c o l d w o r k e d duc t for T e s t S T - 1 0 1 1 , shown in F i g . 16, w a s cu t f r o m t h i s 
so f t e r p a r t of the duc t . F i g u r e 23 s h o w s the c i r c u m f e r e n t i a l m i c r o h a r d n e s s 
s u r v e y for s o f t e r m a t e r i a l , f r o m w h i c h the t e s t duc t w a s connposed ; the 
a v e r a g e d p r o f i l e shown in F i g , 24 i s m o r e c o n s i s t e n t w i t h t h e H E D L v a l u e s . 
The D P H v a l u e of 280 a t t he m i d f l a t c o r r e s p o n d s to a b o u t 2 3 - 2 5 % c o l d w o r k i n g , 
eind the D P H v a l u e of 310 in t he c o r n e r c o r r e s p o n d s to abou t 30% c o l d w o r k i n g . 
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Hardness Profile Measured from Midflat to 
Corner for Section from Harder Portion of 
20^0-coldworked Duct 

In addition to the nnicrohardness surveys, saxnples cut fronn the test-
duct nnaterial were subjected to tensile tes ts . Three sannple tensile specimens 
were cut fronn alternate flats of the test duct. The tensile axis of each speci
men was in the direction of the longitudinal axis of the duct. The resul ts of 
the tensile test a re shown in Table VI, The gage section of the tensile speci
men was rectangular with a width-to-thickness ratio of 2/1. 



44 

TABLE VI, Tensile-test Results for Nominal 
20%-coldworked Duct Material at 70°F (21°C) 

0.2% Offset 
Initial Area, Crosshead Speed, Yield St ress , 

} (cm^) in./min (mm/sec) ksi (MPa) i n . 

0.03105(0.2003) 0.05(0.02) 115.3(795,0) 
0.03010(0.1942) 0.05(0.02) 116,3(801.9) 
0.03081 (0.1988) 1.00 (0,42) 115.3 (795.0) 

The crosshead displacements recorded on a strip chart of load versus 
extension included the extensions of the pull rods as well as the total extension 
of the tensile specimen. Since the strip chart is not considered to provide a 
reliable measure of the strains, the yield strain is not included in Table VI. 
For the later tensile tests of the annealed and the 50%-coldworked steel, an 
extensometer was attached directly to the gage section of the specimen. The 
0,2% offset yield s t ress of about 115 ksi (793 MPa) corresponds to a cold-
working of about 25% in the empirical graph shown in Fig. 32. This is consis
tent with the coldworking value of the test duct as indicated by the measured 
microhardness of 280 DPH units (see Fig. 24), which corresponds in Fig. 22 
to a coldworking of about 2 5%. 

C. The 50%-coldworked Type 316 Stainless Steel 

The tensile-test specimens for the 50%-coldworked test ducts were cut 
as previously described for the annealed tensile specimens. The tensile prop
erties of four different duct test sections were measured. Sample specimens 
were cut from alternate flats for each of the test ducts, so that a total of 
12 tensile tests were run. The results of these tensile tests are listed in 
Table VII. Microhardness surveys were also made for additional samples 
taken from the remaining flats; the distribution of DPH values for a typical 
sample is shown in Fig, 35. The hardness is reasonably uniform, with no 
apparent increased hardness in the corner region, as existed for the nominal 
20%-coldworked duct. 

A representative average DPH value of 332 for the saxnples corresponds 
to a coldworking of about 40%. (See Fig. 22 for the correlation of DPH values 
and coldworking.) In accordance with Fig. 32, the corresponding 0,2% offset 
yield s t ress is about 130 ksi (896 MPa), This yield s t ress is consistent with 
the measured tensile-test values listed in Table VII. We may infer, on the 
basis of Fig. 32, that the actual coldworking value is closer to 40% rather 
than the nominal value of 50% as specified by the area reduction. A represen
tative graph of uniaxial tensile load (per unit initial gage section area) versus 
extension per unit gage length is plotted in Fig. 36 for one of the tensi le- test 
specinnens. It should be emphasized that, beyond the ultimate point, the graph 
is nonunique and depends upon the tensile-specimen dimensions. 



TABLE VII. Tensile-test Results for 50%-coldworked 
Duct Material at 70°F (21°C)^ 

Crosshead 
Initial Speed, 0.2% Yield Ultimate Maximum Final 
Area, in./min St ress , Strength, Uniform Load, Aneck, 

Sample in.^ (cm^) (mm/sec) ksi (MPa) ksi (MPa) Strain, % lb (kg) in,^ (cm^) 

45 

1-50-B 

1-50-D 

1-50-F 

2-50-B 

2-50-D 

2-50-F 

3-50-B 

3-50-D 

3-50-F 

4-50-F 

0.02971 
(0.19168) 

0.03097 
(0.19981) 

0.03001 
(0.19361) 

0.03034 
(0.19574) 

0.03018 
(0.19471) 

0.03064 
(0.19768) 

0.03067 
(0.19787) 

0.03046 
(0.19652) 

0.02952 
(0.19045) 

0.03063 
(0.19761) 

0.02 
(0.01) 

0,02 
(0.01) 

0.02 
(0.01) 

0.02 
(0.01) 

0.02 
(0.01) 

1.0 
(0.42) 

0.02 
(0.01) 

0.02 
(0.01) 

0.02 
(0.01) 

0.02 
(0.01) 

134.3 
(926.0). 

131.6 
(907.4) 

132.0 
(910.1) 

131.8 
(908.7) 

133.4 
(919.8) 

134.5 
(927.3) 

135.0 
(930.8) 

136.9 
(943.9) 

138.9 
(957.7) 

137.4 
(947.3) 

139.5 
(961.8) 

138.2 
(952.9) 

138.5 
(954.9) 

138.1 
(952.2) 

138.8 
(957.0) 

141.2 
(973.5) 

140.9 
(971.5) 

141.7 
(977.0) 

146.5 
(1010.1) 

141.4 
(974.9) 

3.4 

4.2 

5.2 

3.9 

4.5 

4.8 

4.1 

4.2 

4.6 

4.1 

2825 
(1281) 

2920 
(1325) 

2920 
(1325) 

3450 
(1565) 

2820 
(1279) 

2900 
(1315) 

2900 
(1315) 

3090 
(1402) 

2980 
(1352) 

2940 
(1334) 

0.0140 
(0,0903) 

0.0134 
(0.0865) 

0.0140 
(0.0903) 

0.0164 
(0.1058)̂ ^ 

0.0131 
(0.0845) 

0.0149 
(0.0961) 

0.0142 
(0.0916) 

0.0146 
(0.0942) 

0.0140 
(0.0903) 

0.0138 
(0.0890) 

^Engineering values for samples of rectangular gage section, 0.12 x 0.25 in. (0.30 x 
0.64 cm) and 1-in. (2.54 cm) original gage length, 

^Posttest cross-sect ional area at failure site. These cross sections were of concave 
rectangular shape. Maximum and minimum dimensions were measured with a 
0.03-in. (0.0762-cm)-thick blade micrometer to calculate average area. 

^Test stopped before specimen failure. 
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• DIAMOND POINT HARDNESS TRAVERSES 
(0.020 In. SPACED INTERVALS WITH 500 gm LOAD) 
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Fig. 35. Diamond-point-hardness Survey over Wall Thickness for 
50'5'o-coldworked Test Hexcan (1 in. = 2.54 cm) 
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Tensile-test Data of Elongation vs Unit Load for 
50<7o-coldworked Hexcan Tensile Specimen 
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V. COMPARISONS OF CALCULATIONS WITH EXPERIMENTS 

Room-temperature experinnents were perfornned to study the defor
mation of Type 316 stainless steel test hexcan sections under internal and 
external hydrostatic p ressure loadings. The tests were conducted at Startford 
Research Institute as part of an effort to obtain data on the gross mechanical 
response of LMFBR-type hexcans. The main objective of the tests was to 
provide reliable data for the verification of analytical computer codes being 
developed to predict the response of hexagonal-subassembly wrappers to 
local accidental events. 

The sample test ducts are nominally 20% coldworked when received 
directly from the manufacturer; additional residual coldworking exists in the 
corner regions ranging up to 35%, Hydrostatic tests were run with these a s -
received, nominal 20%-coldworked ducts; to determine the influences of 
nnaterial propert ies upon the hexcan response, additional tests were run for 
hexcans with changed mater ia l propert ies. The as- received hexcan was solution-
annealed to increase the ductility of the steel. The yield s t ress was lowered 
to about one-third that of the 20%-coldworked mater ia l . 

An advantage of the annealing process was to provide a hexcan with a 
uniform hardness throughout, thus eliminating the computational difficulties 
associated with the presence of coldworking gradients. To extend the range 
of mater ial proper t ies , special low-ductility test hexcans with a higher yield 
s t ress were fabricated with a specified final area reduction corresponding 
to 50% coldworking. The experimental results are described below for the 
three sets of hydrostatic t e s t s : (l) the uniform annealed, (2) the nominal 
20% coldworked with hardness gradients, and (3) the 50%-coldworked hexcans. 
Comparisons are made with computer-code calculations. 

The test rig used for the hydrostatic experiments is shown in Figs, 1 
and 2, Deflections and strains were measured over a central gage section 
of the test hexcan midway between the ends. This gage section was suffi
ciently reraote from the ends to avoid end effects. It was demonstrated by 
computations, and corroborated by experiments, that a hexcan length of 1 ft 
(30,48 cm) was adequate to prevent end effects from reaching the central gage 
section. The ends were constrained against axial displacements by twelve 
1-in, (2, 54-cm)-dia bolts that locked the 2-in, (5,08-cm)-thick end plates in 
place. This constraint imposed plane-strain deformations upon the gage 
section. Strain gages were located at the midflats and corners ; displacements 
at these locations were measured with dial gages and linear potentiometers. 
Tests were conducted for hexcans pressur ized internally and also externally. 
A manually operated hydraulic pump was used for the pressurizat ion. 
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A. Hydrostatic Tests with Annealed Hexcan 

1, Internal-pressurization Tests 

Comparisons have been made between calculations and the experi
mental results of hydrostatic internal-pressurization tests (performed at room 
temperature) of solution-annealed Type 316 stainless steel hexcans. The overall 
objective of the tests was to provide reliable data on hexcan deformation using 
a material having tiniform properties without the hardness gradients present in 
the as-received, nominal 20%-coldworked ducts. 

Because of the significant increase in ductility produced by the 
annealing, large defornnations can be achieved before fracture occurs , so that 
the range of allowable strains can be determined for which the application of 
the STRAW code will be valid. Because of the use of convected coordinates, 
the code permits large deflections, but is restr icted in the magnitude of 
permissible relative strains because second-order and higher strain terms 
are neglected in the numerical-approximation procedure. 

The material properties of the annealed Type 316 stainless steel 
were determined by tensile tests of samples taken directly from the hexcans. 
In the step-by-step computation of the hexcan deflection, the response of each 
finite element to the applied pressure and the internal s t ress forces is calcu
lated. The s tress is determined from the s t r e s s - s t r a in relationship, and the 
resulting force is the product of the s t ress and the true area. This area is 
not the original tuistrained area , but diminishes as the wall thickness decreases 
with the hexcan expansion. Consequently, the true s t r e s s , rather than the 
engineering s t r e s s , is used in the force-balance equations. 

200 

The graph of the true s t r e s s , which is provided as input to the 
STRAW code, is shown in Fig. 37 as a function of the engineering strain. For 

each finite flexural-beam element, the 
strain varies over the thickness of the 
beam as a function of the distance y 
from the neutral axis. At each dis
tance y, the strain corresponds to the 
engineering strain of a longitudinal 
fiber extending the length of the element. 
The engineering strain is the elongated 
(or compressed) length of the fiber 
divided by the original unstrained 
length. Curve A in Fig, 37 is the r e 
lationship between uniaxial true stress 
and engineering strain, derived directly 
from the tensile-test specimen. 

0.2 03 0.4 05 0.6 
Engineering Strain, in /in. 

0.7 0.8 

Fig. 37. Room-temperature Tensile-test Stress-Strain 
Data for Annealed Type 316 Stainless Steel 
Corrected for Plane-strain Conditions (1 psi = 
6.895 kPa; 1 in. = 2.54 cm). ANLNeg. 
No. 900-75-220-

Since the de fo rnna t ion of the 
h e x c a n t e s t s e c t i o n i s a s s v u n e d to 
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deform in a plane-strain mode, rather than under uniaxial s t ress conditions, 
the tensi le- tes t data must be modified (see Appendix B). The modification 
consists essentially of a point-by-point increase in the graph slope by a factor 
of 4 / 3 . Curve A is thus shifted and raised to the curve B shown in Fig, 37, 
These nnodified data, represented by curve B, provide input to a STRAW sub
routine from which a s t ress is determined corresponding to a previously 
computed engineering strain. The subroutine has the capability to correc t the 
s t ress for s t ra in- ra te effects and also, when a strain reversa l occurs , to 
modify the y ie ld-s t ress point for changes due to strain-hardening effects. 
Strain reversa ls take place at the outer surface of the corners and at the 
inner midflat surface, as shown in Fig. 19, 

Under internal pressurizat ion, the corner outer surface first un
dergoes compression due to the bending deformation mode of the flat as it 
deflects outward. With increasing pressurizat ion, a point is reached at which 
a hexcan-expansion deformation mode dominates, and the plastically com
pressed mater ia l at the outer corner surface will unload along a new elastic 
line. Under increased pressurizat ion, the outer surface will s train under 
elastic tension, until eventually a tensile y ie ld-s t ress point is reached. The 
value of the new y ie ld -s t ress point depends upon the choice of hardening model. 
The extremes are the kinematic and isotropic hardening models. 

An example of the two hardening models is shown in Fig. 38. The 
kinematic model assumes no strain-hardening influence in that the magnitude 

of the elastic range is unchanged. 

43.5 ksi 

H=HARDENING 
- -41.6 = {7y(YIELD) 

ISOTROPIC MODEL 

-"--^-J-^^ 43.5 

KINEMATIC MODEL 

Fig. 38. Influence of Assumed Hardening Model 
upon New Yield Point (1 ksi = 6.895 MPa), 
ANL Neg. No, 900-4646 Rev. 1. 

The i s o t r o p i c m o d e l a s s u m e s 
t ha t bo th the t e n s i l e and c o m 
p r e s s i v e p a r t s of t he e l a s t i c 
r a n g e a r e e a c h i n c r e a s e d by a n 
a m o u n t e q u a l to t he w o r k h a r d 
e n i n g . As a r e s u l t , t he t o t a l e l a s 
t i c r a n g e i s i n c r e a s e d by t w i c e 
the w o r k h a r d e n i n g . 

A n i n t e r n n e d i a t e m o d e l i s 
t h a t of " f ixed" h a r d e n i n g , fo r 
w h i c h t h e n e w t e n s i l e y i e l d s t r e s s 
i s e q u a l to t h e o r i g i n a l v a l u e . In 
ithis l a t t e r c a s e , t h e n e w e l a s t i c 
r a n g e i s i n c r e a s e d by a s t r e s s 

i n c r e m e n t e q u a l to t h e w o r k h a r d e n i n g i n d u c e d d u r i n g the p l a s t i c - f l o w s t r a i n 
h a r d e n i n g . B a s e d u p o n the r e c o m m e n d a t i o n s u g g e s t e d by M e n d e l s o n , ' t he 
s t r a i n - h a r d e n i n g m o d e l u s e d in t he S T R A W c o m p u t a t i o n s a s s u m e d a y i e l d 
po in t m i d w a y b e t w e e n the f ixed a n d k i n e m a t i c m o d e l s , i , e , , a y i e l d - s t r e s s 
i n c r e m e n t a m o u n t i n g to o n e - h a l f the w o r k h a r d e n i n g . 

The i n i t i a l i n t e r n a l - p r e s s u r i z a t i o n t e s t s p e r f o r m e d w i t h the a n 
n e a l e d h e x c a n s d e m o n s t r a t e d t h a t a 1-ft ( 3 0 , 4 8 - c m ) - l o n g t e s t l e n g t h of a duc t 
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is sufficient to provide a centrally located gage section free from end effects. 
The absence of end effects was demonstrated by showing that the gage-section 
deflections were independent of axial length for hexcans 1 ft (30,48 cm) long 
or greater . Hydrostatic tests were run for 1- and 2-ft (30,48- and 60.96-cin)-
long hexcans; the measured midflat deflections are compared in Fig, 6. The 
corner deflections are compared in Fig. 7. Since the measured deflections 
for the two tests show no significant disagreement, we may conclude that end 
effects were negligible over the complete pressure range up to 2800 psi . The 
annealed hexcan had the greatest range of deformations in comparison to the 
20%- and 5G%-coldworked hexcans. It may therefore be safely assvuned that 
a 1-ft (30,48-cm)-long test section is adequate also for the tests on these less 
ductile hexcans. 

Figures 39-41 compare computed and experimental data for mid-
flat and corner deflections, and strains at the outer midflat surface, measured 
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Comparison of Experimental and Calculated Mid-
flat Displacements for Annealed Type 316 Stainless 
Steellntemally Pressurized Hexcan (1 in, = 2.54cm; 
1 psi = 6.895 kPa). ANL Neg. No. 900-5792. 
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ANL Neg. No. 900-5793. 
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over the gage section of an annealed hexcan under internal pressurizat ions up 
to3000psi (20.7 MPa). The experimental data are from the Stanford Research 
Institute test labeled ST-1071, which had strain gages and linear potentiometers 
positioned on each flat and corner. The correlation with the STRAW computa
tions is nearly perfect. Each data point shown in the figures is the average for 
the six sides of the hexcan. 

Two other tests labeled ST-1031 and -1041 for 1- and 2-ft (30.48-
and 60.96-cm)-long test hexcans yielded data very nearly the same as shown 
in Figs . 39-41. The corner deflections appeared to deviate from the computed 
values to a slightly greater degree than the deviations from the computed 
midflat deflections. The greater percentage deviation is to be expected be
cause of the much smaller magnitude of the corner deflections, and the expanded 
ordinate axis magnifies the appearance of the deviation. Actually, each of the 
six corners did not deflect by the same amount; the scatter between the indi
vidual corner deflections was comparable to the deviation between the computed 
and the average experimental values. 

2, External-pressurizat ion Tests 

Consideration of the possibility of failure propagation from an 
accident subassembly to the neighboring core regions requires an analysis 
of the mechanical response of the neighboring subassemblies. The hexcan 
wrappers of the adjacent subassemblies will be subjected to external p ressure 
loads originating from the accident subassembly. In anticipation of performing 
future hexcan-cluster tests to simulate the mechanics of subassembly-to-
subassembly propagation, some initial tests were performed in which an 
annealed Type 316 stainless steel hexcan was hydrostatically loaded from the 
outside. The deformed equilibritim configuration of an externally loaded 
hexcan does not possess the stability that an internally pressur ized hexcan 
has and is consequently subject to asymmetric collapse, or buckling, modes. 
Initiation of this buckling phenomenon could originate either from i r regular 
ities in the hexcan geometry, or from irregular i t ies or nonuniformities in 
material propert ies that may result in one corner yielding before any of the 
othe r s, 

Figure 42 shows possible modes of collapse. The first possibility 
is a symmetric response characterized by pure bending of the hexcan flats, as 
shown in Fig, 42a, A sample STRAW-code calculation of this mode of collapse 
is shown in Fig, 43, Another possibility is a "pantograph-type" collapse, or 
some variation of this nnode, due to geometrical or mater ial i r regular i t ies , 
as shown in Fig, 42b, On the basis of the experiments, the most likely shape 
to be assumed by an externally pressur ized hexcan is a combination of the 
above two modes, as shown in Fig. 42c. 

For the annealed Type 316 stainless steel hexcan in Test ST-105E, 
a collapse mode began at an external pressurizat ion between 400 and 500 psi 
(2.76 and 3,45 MPa), Further pressurizat ion beyond the initiation point of the 
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collapse instability resulted in relatively large deformations for only slight 
increases in pressure . The final outside shape of the hexcan cross section at 
an external pressure of 600 psi is shown in Fig, 44 compared with the initial 
undeformed hexagonal shape. In Fig, 44 we see a combination of plastic bend
ing of the flats, together with the pantograph collapse mode as indicated by the 
significantly greater diagonal distance of 4.9 in, (12.446 cm) from corner 
F / A to C / D , compared to the distance of 4,5 in, (11,43 cm) from corner E / F 
to B/C, The longer diagonal from corner F / A to C/D appears to define a 
synnmetry plane, behaving somewhat as if these corners were hinged. It is 
obvious that the projected area over which the uniform external p ressure acts 
is greatest along this longer diagonal; consequently, the greatest crushing force 
will tend to flatten the hexcan into this symmetry plane. 
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Unstable Collapse Modes 
for Externally Loaded 
Hexcan. ANLNeg. 
No. 900-75-211. 

Fig. 43 

Sample STRAW-code Calculation of 
Unstable Collapse Mode for Externally 
Loaded Hexcan (1 in. = 2.54 cm). 
ANL Neg. No. 900-4598. 
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Final Shape of Externally Pressurized 
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STRAW-code calculations for deflections and strains are compared 
with experimental measurements in Figs, 45-47, Figure 45 compares the 
calculated and experimentally determined midflat deflections. The calculation, 
although qualitatively resembling the shape of the experimentally determined 
curve, is underpredicting the deformation significantly. This behavior is more 
pronounced when the calculated and experimentally determined deflections at 
the corner are compared in Fig. 46. Here a strong discrepancy is revealed 
which can be explained by the asymmetric collapse of the hexcan. Apparently 
the hexcan is collapsing in a mode in which flat A is essentially rotating around 
corner A / F . The measured strains plotted in Fig, 47 tend to confirm this 
supposition. 
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Fig. 46. Comparison of Experimental and Calculated 
Corner Displacements for Annealed Type 316 
Stainless Steel Externally Pressurized Hexcan 
(1 in. = 2.54 cm; 1 psi = 6.895 kPa). ANL 
Neg. No. 900-75-207. 
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The measured strains at flat A are consistent with the calculated 
strains (based upon assumed synnmetry) out to a pressure of about 300 psi 
(2,07 MPa). However, at pressures between 350 and 400 psi (2.41 and 2.76MPa), 
the nneasured strains do not change, indicating that flat A is essentially under
going a rigid-body rotation, and the lack of correlation with the computed 
deflections indicates that the symmetry assumption is no longer maintained. 
Apparently, flat A initially deformed as a beam out to a pressure of 300 psi 
(2.07 MPa). Increasing the pressure initiated the pantograph collapse mode, 
at which point corner A / F began to behave as a plastic hinge about which flat 
A rotates. 
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Fig. 48. Simplified Pantograph Model to Estimate 
Midflat Deflection Component d ue to Plastic-
hinge Rotation at Comer (1 in. = 2.54 cm) 

B . The N o m i n a l 2 0 % - c o l d w o r k e d H y d r o s t a t i c T e s t s 

The a n n e a l e d and the 5 0 % - c o l d w o r k e d t e s t - h e x c a n m a t e r i a l s w e r e 
s p e c i a l l y p r o c e s s e d a t A r g o n n e N a t i o n a l L a b o r a t o r y to e n s u r e r e a s o n a b l y 
u n i f o r m m a t e r i a l p r o p e r t i e s b e f o r e s h i p m e n t to S t an fo rd R e s e a r c h I n s t i t u t e 
for the p r e s s u r i z a t i o n t e s t s . D e t a i l e d m i c r o h a r d n e s s s u r v e y s w e r e p e r f o r m e d , 
and a n u m b e r of t e n s i l e s p e c i m e n s w e r e cut f r o m the duc t s to d e t e r m i n e the 
s t r e s s - s t r a i n r e l a t i o n s h i p s . The m a t e r i a l p r o p e r t i e s of the n o m i n a l 20%-
c o l d w o r k e d t e s t h e x c a n s , w e r e not a s c a r e f u l l y d e t e r m i n e d and c o n t r o l l e d . 
T h e s e t e s t h e x c a n s w e r e cu t d i r e c t l y f r o m the duc t s a s r e c e i \ ' e d f r o m the 
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vendor. No attennpt was made to modify the hardness propert ies , which were 
nonuniform and not exactly 20% coldworked. When pressur ized out to failure, 
the final deformation of the 20%-coldworked hexcan was significantly less 
than that for the annealed hexcan, as shown in the comparison of Fig, 16. The 
much lower ductility corresponds to the greater hardness of the coldworked 
material . 

A microhardness survey made of the duct mater ia l before Test ST-IOIT 
is shown in Fig, 2 3. The profile plotted in Fig, 24 of the averaged ni icrohard-
ness values shows the variation from midflat to corner . Comparing these DPH 
values with the values measured after the test , listed in Table V, we see that 
the relatively small defornnations incurred during the hexcan pressurizat ion 
out to failure did not result in any significant additional work hardening of the 
mater ia l . By contrast , we see in Table V that the annealed hexcan underwent 
significant work hardening during pressurizat ion, so that the final coldworking 
state was comparable to that of the nominal 20%-coldworked test hexcan. The 
hardness variation fronn 280 at the midflat to 310 DPH units in the corner 
corresponds, according to the empirical correlation shown in Fig, 22, to a 
coldworking fronn 2 3 to 26% over the midflat, and from 30 to 34% in the corner 
region. 

Because of the nonuniformity of the coldworking, the deflection com
putations are not considered to be as reliable as for the more clearly defined 
mater ial propert ies of the annealed and 50%-coldworked test hexcans. For the 
nominal 20%-coldworked hexcan, several sets of computations were made for 
a range of assumed mater ia l propert ies . The computed deflections are com
pared with experimental measurements in Fig, 49 and with the midflat outer-
surface strains in Fig, 50, The graph labeled "ANL Material Proper t ies" 
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Fig. 49. Comparison of Experimental and Calculated Midflat Dis
placements for Nominal 20%-coldworked Type 316 Stainless 
Steel Internally Pressurized Hexcan (1 mil = 0.0254 mm; 
1 psi = 6.895 kPa) 
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Fig. 50. Comparison of Measured Strains at Midflat of Outer Surface 
with Computed Strains (1 psi = 6.895 kPa) 

c o r r e l a t e s b e s t w i t h the t e s t da ta and r e p r e s e n t s the STRAW c o m p u t a t i o n for 
the m a t e r i a l p r o p e r t i e s c o r r e s p o n d i n g to the m e a s u r e d m i c r o h a r d n e s s p ro f i l e 
shown i n F i g . 24. The g r a p h l a b e l e d " I n t e r . N i c k e l Co . " i s b a s e d u p o n t h e Type 316 
s t a i n l e s s s t e e l p r o p e r t i e s shown in F i g . 32 a s a func t ion of c o l d w o r k i n g . 
The c o l d w o r k i n g g r a d i e n t w a s a s s u m e d to v a r y f r o m 20% o v e r the m i d f l a t r e 
gion to 33% in the c o r n e r . S ince t h e s e c o l d w o r k i n g v a l u e s a r e l o w e r t h a n 
t h o s e i n d i c a t e d by the m e a s u r e d m i c r o h a r d n e s s p r o f i l e , the a s s u m e d y i e ld 
s t r e s s w i l l be sonnewhat low and the c o r r e s p o n d i n g c o m p u t e d d e f l e c t i o n s wi l l 
be h igh. F o r e x a m p l e , a t 1800 p s i (12.4 M P a ) t h i s l o w e r e d y i e l d s t r e s s va lue 
r e s u l t s in a 10% i n c r e a s e in the de f l ec t ion , f r o m abou t 90 to 100 m i l s (2.29 
to 2.54 m m ) . 

To s tudy the effect of c o r n e r h a r d n e s s upon the d e f l e c t i o n , the g r a p h 
shown in F i g . 49 w a s c o m p u t e d for a u n i f o r m 20% c o l d w o r k i n g w i t h no h a r d 
n e s s g r a d i e n t s . R e m o v i n g the i n c r e a s e d h a r d n e s s in the c o r n e r r a i s e s the 
mid f l a t def lec t ion by about 14% at 1800 p s i (12.4 M P a ) , f r o m 100 to 114 m i l s 
(2.54 to 2.90 m m ) . By c o m p a r i s o n , the effect upon the nnidflat de f l ec t i on for 
g r o s s l y l o w e r i n g the y i e l d s t r e s s by a n n e a l i n g the s t e e l i s shown in F i g . 9. 
The mid f l a t de f lec t ion of the 2 0 % - c o l d w o r k e d h e x c a n w a s abou t o n e - h a l f the 
def lec t ion of the a n n e a l e d h e x c a n at a p r e s s u r e of 2410 p s i (16.6 M P a ) (the 
f a i l u re p r e s s u r e for the c o l d w o r k e d h e x c a n ) ; the de f l ec t ion w a s r e d u c e d f r o m 
about 300 to 150 m i l s (7.62 to 3.81 m m ) . 

The r i g i d i t y of the 2 0 % - c o l d w o r k e d h e x c a n i s d e m o n s t r a t e d in F i g . 10 
by the n e g l i g i b l e de f l ec t ion of the c o r n e r u n d e r t h e i n c r e a s i n g p r e s s u r i z a t i o n 
out to f a i l u r e . A f u r t h e r c o m p a r i s o n wi th the a n n e a l e d h e x c a n i s m a d e in F ig . 11 , 
which shows t h a t the m i d f l a t s t r a i n a t the o u t e r s u r f a c e h a s b e e n r e d u c e d by 
a f a c t o r of abou t 6. The l i m i t i n g s t r a i n for the s t r a i n g a g e w a s a b o u t 3%-, the 
gage fa i led when th i s point w a s e x c e e d e d a t abou t 900 p s i {6.Z M P a ) for the 
a n n e a l e d h e x c a n . 

C. The 5 0 % - c o l d w o r k e d H y d r o s t a t i c T e s t s 

1. I n t e r n a l - p r e s s u r i z a t i o n T e s t s 

The 5 0 % - c o l d w o r k e d s t e e l i s c o n s i d e r a b l y l e s s duc t i l e t h e n the 
a n n e a l e d s t e e l and m o r e n e a r l y a p p r o x i m a t e s the h e x c a n u n d e r p r o t o t y p i c 
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operating conditions. Compared with the annealed hexcan, the 50%-coldworked 
steel hexcan deformed much less at corresponding p res su res . Under a 
pressurizat ion of 3000 psi (20,7 MPa), the midflat deflection was only 140 mils 
(3,56 mm) compared with 465 mils (11.81 mm) for the annealed hexcan. The 
purpose of the annealed-hexcan experiments was to check the range of appli
cability of the STRAW code. The STRAW code is based upon the equations 
for small strains (i,e,, second-order strain te rms are dropped) while permit 
ting large deflections. The more ductile annealed hexcan underwent a wide 
range of strains before fracture occurred along one corner . Good correlat ions 
between computations and test data were maintained up to nnidflat s trains in 
excess of 14%. For the more brittle 50%-coldworked steel, the strains were 
much l e s s ; hence, we can conclude that the 50%-coldworked hexcan tests are 
well within the STRAW-code capability. 

The mater ia l propert ies shown in Fig. 51 are based upon tensile 
tests for seven sample specimens. The median graph for the seven tes ts is 
shown in Fig, 51 together with the graph modified for plane-strain conditions. 
The upper range of the s t ress values extends about 10% above the median. The 
computed values for the midflat deflection shown in Fig, 52 are somewhat 
greater than the experimental values, A nearly perfect correlation is obtained 
if the steel is assumed to be 10% stiffer, corresponding to the upper range of 
the spread in the tensi le- test mate r ial-property data. 
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Room-temperature Tensile-test Stress-Strain 
Data for 50^o-coldworked Type 316 Stainless 
Steel Corrected for Plane-strain Conditions 
(1 ksi = 6.895 MPa; 1 in. = 2.54 cm). ANL 
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Comparison of Experimental and Computed 
Midflat Deflections for 50^o-coldworked 
Type 316 Stainless Steel Internally Pressurized 
Hexcan (1 mil = 0.0254 mm; 1 psi = 6.895 kPa). 
ANL Neg. No. 900-75-215. 
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The deflection magnitudes for the corners are so small that a p re 
cise correlation cannot be expected because the limit of accuracy of the de

flection measurements is approached. 
However, the trend of the computed 
corner deflections shown in Fig. 53 
follows the experimental data. The 
percent difference between the 
nneasured and computed corner de
flections is relatively great , but the 
actual nnagnitude of the discrepancy 
is small. The computed deflection 
differs fronn the experimental at 
3000 psi (20,7 MPa) by only a few 
mils . 
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Fig, 53. 

T h e c o m p u t e d s t r a i n s a t the 
o u t e r and i n n e r s u r f a c e s of the m i d -
f lat r e g i o n shown in F i g s . 54 and 55 
c o r r e l a t e w e l l w i t h t he m e a s u r e d 
s t r a i n s . When the s t r e s s - s t r a i n 
g r a p h i s r a i s e d 10% above the 
m e d i a n d a t a , the c o r r e l a t i o n b e 
c o m e s n e a r l y p e r f e c t . The s t r a i n s 

a t the o u t e r s u r f a c e a r e in t e n s i o n , a s e x p e c t e d ; the l o w e r s u r f a c e s t r a i n s a r e 
in c o m p r e s s i o n . The m a x i m u m c o m p r e s s i v e s t r a i n a t the l o w e r s u r f a c e w a s 
about - 1 . 3 % . If con t inued s t r a i n i n g w e r e p o s s i b l e u n d e r f u r t h e r e x p a n s i o n 
wi thout the o c c u r r e n c e of f r a c t u r e a t t he c o r n e r , the s t r a i n a t the l o w e r midf la t 

Comparison of Experimental and Computed Corner 
Deflections for 5ff7o-coldworked Type 316 Stainless 
Steel Internally Pressurized Hexcan (1 mil = 
0.0254 mm; 1 psi = 6.895 kPa). ANL Neg. 
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Fig. 55. Comparison of Experimental and Computed 
Inner^surface Midflat Strains for 50«!Sfc-
coldworked Type 316 Stainless Steel Inter
nally Pressurized Hexcan (1 psi = 6.895 kPa). 
ANL Neg. No. 900-75-225. 
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surface would show a reversa l in direction and approach the tensi le-s t ra in values 
of the upper surface; i .e., the strain gradient across the wall thickness would 
beconne uniform as the hexcan expands out to a circular shape. 

2. External-pressurizat ion Tests 

The response of the 50%-coldworked hexcan to external p re s su r 
ization did not show the unstable pantograph buckling mode exhibited by the 
externally loaded annealed hexcan. A reasonably uniform bending mode of 
collapse appeared to initiate at an external pressure ofaboutl200 ps i (8 .3MPa) , 
as shown in Figs . 56-59- Hence, the 50%-coldworked hexcan was much more 
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Fig. 57. Comparison of Experimental and Computed 
Corner Deflections for 50'7o-coldworked 
Type 316 Stainless Steel Externally Pressur
ized Hexcan (1 mil = 0.0254 mm; 1 psi = 
6.895 kPa) 
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rigid to external loads than the annealed hexcan, which began to collapse at 
about 400 psi (2.8 MPa) (see Figs. 45 and 46). The midflat and corner de
flections in Figs. 56 and 57 increased linearly with pressure out to about 
1100 psi (7.6 MPa), and the computed and experimental values correlate very 
well. Beyond 1100 psi (7.6 MPa), the deflections increased very rapidly. 

If the material properties are assumed to correspond to the median 
of the tensile-test data, the computed deflections are greater than the measured 
deflections, whereas if the material properties are assumed to correspond to 
the less ductile upper range of the tensile-test data (10% above the median), 
then the hexcan is slightly too stiff; i .e., the computed deflections are less 
than the measured values. Hence, the two computed curves bracket the ex
perimental values. For the strains at the inner and outer midflat surfaces 
shown in Figs. 58 and 59, the connputed curves appear to correlate best with 
the assumed upper range of s t ress -s t ra in material propert ies . The better 
correlation with the assvuned less ductile material properties is consistent 
with the comparisons for the internal-pressurization tes ts . We can conclude 
that the STRAW computations for the externally loaded hexcan compares with 
the experimental values within the data spread possible because of uncertain
ties in the material propert ies. 

VI. SUMMARY AND CONCLUSIONS 

Test LiMFBR-type hexcans have been subjected to hydrostatic internal 
and external pressure loads, and the measured deformations and strains have 
been compared with computed values. These hydrostatic tests and the corre
sponding comparisons with analysis constitute the first phase of an experi
mental and analytical program to predict the mechanical response of LMFBR-
type subassemblies to pressure loadings from local-subassembly accidents. 
The purpose of the experiments is to provide data for the validation and, when 
necessary, modification and extension of the computational models. The 
resulting substantiated computer codes will then be available to calculate the 
response of subassembly ducts under in-reactor accident conditions with 
reasonable confidence. 

The mechanical material properties of the Type 316 stainless steel 
hexcans were found to have a strong influence upon the deflection magnitude 
resulting from a given hydrostatic loading. To study the effects of the mechan
ical properties, the ductility of several sample test hexcans was increased by 
annealing the nominal 20%-coldworked hexcan material that was received 
from the vendor. In addition, several low-ductility hexcans were manufactured 
with a final coldworking of 50% to provide even more brittle samples. 

Consequently, hydrostatic test data were available for three different 
hexcan material propert ies: (l) annealed steel with a yield s t ress of 25 ksi 
(172.4 MPa); (2) nominal 20% coldworking with a yield s t ress of 98 ksi 
(675.7 MPa); and (3) 50% coldworking with a yield s t ress of 11 8 ksi (81 3.6 MPa), 
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Decreasing the ductility significantly reduced the hexcan deflections: For an 
internal pressurizat ion of 2000 psi (13,8 MPa), the deflection of the annealed 
hexcan was about 240 mils (6,1 mm); for the nominal 20%-coldworked hexcan, 
the deflection was decreased to 110 mils (2.8 mm), less than one-half the de
flection for the annealed mater ia l ; and for the 50%-coldworked hexcan, the 
peak deflection was 53 mils (1.3 mm), a reduction to about one-half that for 
the 20%-coldworked duct. 

Hardening the steel increased the "strength" in the sense that the 
deflection response to a given pressure load decreased; increased hardening 
diminished the nnaximum local strain that the hexcan could withstand without 
rupturing. However, it is not clear that hardening will increase the capacity 
of a hexcan to withstand internal pressurization without rupturing. Two 
opposing mechanisms must be taken into consideration: (l) Hardening increases 
the yield s t ress so the hexcan is more resistant to deformation, and (2) harden
ing apparently lowers the allowable local failure strain, so that the more 
brittle mater ia l will fracture at a smaller deformation. The trade-off between 
these two mechanisms is i l lustrated by the fact that, because of its ability to 
tolerate a large local strain, the annealed hexcan withstood an internal p r e s 
surization of about 4500 psi (31 MPa) before rupturing. On the other hand, 
because of the much reduced allowable local strain, the 20%-coldworked hexcan 
failed at 2400 psi (16,5 MPa), 

Fur ther hardening reversed the trend of diminishing pressurization 
capacity; the increased resistance to deformation of the 50%-coldworked hex-
can permitted the pressure to reach 3100 psi (21,4 MPa) before rupture oc
curred. This p ressure is higher than the rupture pressure for the 20%-coldworked 
hexcan, but is low^er than that for the annealed hexoan. These observed 
hexcan rupture failures for only three tests do not provide an adequate exper
imental basis to form conclusive generalizations about hexcan fracture. The 
occurrence of fracture may depend strongly upon preexisting microcracks 
and imperfections in the corner. To resolve these i ssues , a further study of 
the fracture mechanics involved in hexcan failures and experiments designed 
to investigate fracture phenomena must be performed. 

The correlations between the hydrostatic-test results and the compu
tations for the annealed and the 50%-coldworked hexcans provide sufficient 
substantiation of the computer code STRAW to permit proceeding to the next 
phase of the program, which involves the investigation of the dynamic response 
of hexagonal-duct subassemblies. 

The annealed and the 50%-coldworked test hexcans cover a wide range 
in mater ia l ductility. For both steel hardnesses , the mechanical properties 
were carefully determined by an extensive ser ies of tensile tes t s , and the 
unifornnity of the propert ies throughout the hexcan was established by mic ro
hardness surveys both along the duct length from corner to midflat and through 
the wall thickness. The correlation between the experimental data and the 
computations for the nominal 20%-coldworked hexcan was also good. 
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No attempt was made to alter the initial nonuniform material prop
erties of the hexcan in the condition it was received from the vendor. A 
microhardness survey indicated the corner regions to be significantly harder , 
up to a 35%-coldworking value. A detailed determination of the s t r e s s - s t r a in 
relationship for each degree of coldworking throughout the hexcan was not made; 
consequently the correlation between the hydrostatic pressurization results and 
the computations for the nominal 20%-coldworked hexcan is not considered in 
itself to represent a sufficient validation of the STRAW code. 

Experience gained from the performance of the hydrostatic tests and 
the calculations will be of value in executing and interpreting dynamic tes t s . 
The sensitivity of material properties upon the response has been revealed 
and demonstrates the desirability of maintaining uniform properties through
out the test hexcan. Further , for the evaluation of the dynamic t e s t s , s train-
rate effects should be taken into consideration. 

It has been demonstrated that a test hexcan length of 1 ft (30.48 cnn) is 
sufficient to provide a representative plane-strain central section free from 
end effects. Plane-strain deformation data are necessary for comparisons 
with the two-dimensional STRAW code and are maintained over the central 
section when the axial displacements of the sample hexcan are constrained by 
the test rig. 

For the externally pressurized test hexcans, good correlations were 
obtained for small deflections. Under higher external pressure loads, the 
empty hexcan became mechanically unstable, and large asymmetric deflection 
modes developed. Under actual reactor operating conditions, this instability 
will be eliminated in fuel subassemblies by the symmetric support provided 
by the internal fuel-pin structure. However, this would not necessari ly be true 
for control subassemblies that are empty during operation. 
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APPENDIX A 

The STRAW and SADCAT Codes 

1. The STRAW Code 

The STRAW code is a finite-element computer code designed to 
analyze transient dynamic structural-analysis problems that can be modeled 
by a system of flexural-beam elements. The code is limited to treat only 
one- or two-dimensional problems. Hence, the application of the code to 
analyze hexcan deformations is restricted to cases in which variations in the 
axial z direction can be neglected. Referring to Figs. B.l and B.2 of 
Appendix B, we see that variations are confined to the t ransverse ( r ,e) plane, 
and the computations are applied to a representative cross-sectional sector 
of unit height in the z direction. Because of symmetry, only l/12th of the 
cross-sectional hexcan perimeter need be considered. The hydrostatic 
pressurization is uniformly distributed, so that symmetry boundary conditions 
apply at the midflats and corners , and the computation need be applied only to 
the region between the midflat and corner of one face. This region is par t i 
tioned into flexural-beam elennents as shown in Fig. B.l of Appendix B. Each 
beam elennent is divided into longitudinal fibers, which can be extended or 
compressed. 

The fibers are assumed to be independent, in the sense that no mutual 
shearing s t resses are exerted between fibers, so that only uniaxial s t resses 
are considered to occur in the beam element. A local coordinate system is 
attached to each element and is convected with the element. The flexural-
beam equations are expressed relative to this coordinate system so that 
arbi trar i ly large rotations and translations may occur, provided that defor
mations relative to the coordinate system are small. This means that the 
magnitudes of the s t ra ins , and also the relative rotations of t ransverse planes, 
must be limited. The specific magnitude of the limitation depends upon the 
problem under consideration. For the hexcan, comparisons with experimental 
data indicate that strains could reach 20% in the corners while reasonably 
good correlations with computed deflections are maintained. 

For each beam element, the STRAW code computes the distribution of 
strains over the ends of the element. To understand the nature of the approxi
mations made to compute the strains, the main concepts involved in the 
computational model will be briefly summarized. 

The flexural-beam element consists of a neutral axis coincident with 
the rigid-frame x axis. The y axis is normal to the x axis, and under 
flexure the t ransverse planes rotate through an angle cp with respect to the 
y axis. If we consider the beann to have a deflection shape with respect to the 
X axis, then cp is the slope of that shape and 9cp/Bx is the curvature. The 
length I of the beam element is defined by the straight-line distance between 
lumped-mass nodal points. The nodal points defining the ends of two adjacent 
beam elements carry the sum of one-half the mass of each elennent. 
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The internal and external forces a r e also concentra ted at the nodal 
points, so that the nodal d isplacement can be computed by numer i ca l i n t eg ra 
tion of the equations of motion of the nodal m a s s points . The convected nodal 
points de termine the x-axis position, and the dis tance I d e t e rmines the m e m 
brane s t ra in e ^ oi the neu t ra l -ax i s fiber, which is a s sumed uniform through 
the length of the element . The angular rotation of the t r a n s v e r s e plane is 
computed by numerica l integrat ion of the rotat ional equation of motion for the 
node. F o r the rotational equation of motion, the beam moments of ine r t i a a r e 
lumped at the nodes and the resul t ing angular acce le ra t ion under the action of 
the moment applied at the node is integrated to give the angular d i sp lacement . 
The s t ra in at any t r a n s v e r s e location y measu red from the neut ra l axis is 
the superposi t ion of the membrane s t ra in and the bending s t ra in : 

3cp 

A shape function must be assumed to de te rmine the c u r v a t u r e cc /dx . 
The displacement shape is approximated by a cubic polynomial . The coef
ficients of the polynomial a r e determined from the boundary conditions (i .e. , 
zero displacements and known slopes cpi and CP2 at the ends). The resul t ing 
s t ra in distr ibutions at the ends a r e 

e = ^m + y \ at X = 0 

and 

2cpi + 4cp2 
e = em - y ^ ' ^ ^ ^ at x = I. 

We see here the reason for the s m a l l - s t r a i n l imitat ion. The m e m b r a n e 
s t ra in em is assumed uniform over the element, and the f lexurally deformed 
t r a n s v e r s e planes a r e assumed to remain plane. 

One advantage of the f in i te-e lement method over f ini te-difference 
methods is that the e lements into which the region is par t i t ioned can be much 
l a rge r , so that relat ively few elements a r e requi red . However, because the 
membrane s t ra in actually va r i e s along the total length, r a the r than remainine 
uniform as in a single e lement , and since the d i sp lacement curve will not in ^ 
general be exactly fitted by a cubic polynomial, it is n e c e s s a r y to introduce 
enough elements to yield a sa t i s fac tory resolut ion of s t r a i n s , def lect ions, and 
dynamic f requencies . In pa r t i cu la r , because of the high s t r a in gradients in 
the corner region of the hexcan, the s ize of the element is l imited. 

Although resolut ion is improved by the use of s m a l l e r e l emen t s , a 
penalty is paid in great ly inc reased computer running t ime . The number of 
computational cycles is inc reased because of the stabil i ty r equ i r emen t s 



65 

imposed upon the maximum allowable time increment. The time step should 
be limited so that, in each time cycle, a longitudinal membrane wave will 
propagate no further than about 40-80% of the snnallest element. For the 
hexcan section partitioned (as shown in Fig. B.l of Appendix B ) into eight 
elements, the t ime increment was linnited to 0.2 ^,sec. Hence, for example, 
to cover a time increment of only 4 msec, 20,000 computational cycles are 
required. As a general rule of thumb, when the number of cycles reaches the 
order of 10 , round-off e r r o r s can become significant. Also to be considered 
is the e r ro r accumulation resulting from the approximations made in the 
numerical nnodel (e.g., lumping of masses and inertial moments at the nodes, 
truncation e r ro r s from neglect of higher-order strain terms and l ineariza
tions, shape-function assumptions, and finite time increment). 

2. The SADCAT Code 

For hydrostatic pressurization, the loading exerted on the hexcan 
walls is uniformly distributed with no variations in the axial z direction. 
For a sufficiently long hexcan section [experiments indicate that a 1-ft 
(30.48-cm) length is adequate], the end effects do not extend to the central 
test section, so that deformations in this section are essentially two-
dimensional. Variations are constrained to the t ransverse (r,9) plane. How
ever, to compute deformations in the end regions, variations in the z d i rec
tion must also be considered. To include the effects of nonuniformities in 
the axial z direction, the analysis has been extended and a new code called 
SADCAT, which has the capability to t reat three-dimensional plate and shell 
problems, has been developed. 

An example of a SADCAT computation of the deflection profile in the 
z direction is shown in Fig. A. l . This computation was performed to inves
tigate the effect of axially constraining the ends of the test hexcan. We see 
in Fig. A.l that the axial constraint has little effect upon the deformation for 

" I I I 

• EXPERIMENTAL DATA 

Fig. A.l 

SADCAT Computation of Influence of End Constraints upon Longi
tudinal Deflection Profile and Comparison with Measured Deflec
tions for Annealed Type 316 Stainless Steel Internally Pressurized 
Hexcan (1 in. = 2.54 cm; 1 psi = 6.895 kPa; 1 mil = 0.254 mm). 
ANL Neg. No. 900-5310. 
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an i n t e r n a l p r e s s u r e of 1000 ps i (6.9 M P a ) . H o w e v e r , for an i n c r e a s e d 
p r e s s u r e of 2000 ps i (13.7 M P a ) , the in f luence of the end c o n s t r a i n t is to 
r e d u c e the de f l ec t ion . It m a y a l s o be noted tha t the SADCAT code c o m p u t e s 
a s l igh t bulging at about 1 in. (2.54 cm) f r o m the s u p p o r t f lange a t t h e end. 
C o m p a r i s o n of the compu ted de f l ec t ions wi th the e x p e r i m e n t a l m e a s u r e m e n t s 
is r e a s o n a b l y c o n s i s t e n t , but the p r e s e n c e of the end bu lg ing i s not c o r r o b o 
r a t e d . The i n c r e a s i n g inf luence of the end c o n s t r a i n t wi th i n c r e a s i n g p r e s s u r e 
is shown in F i g . A .2 . 
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SADCAT Computation of Influence of End Con
straints upon Maximum Midflat Deflection for 
Annealed Type 316 Stainless Steel Internally 
Pressurized Hexcan (1 mil = 0.0254 mm; 1 psi = 
6.895 kPa). ANL Neg. No. 900-5318. 
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A t t e m p t s h a v e been m a d e to m a i n t a i n t w o - d i m e n s i o n a l cond i t i ons 
u n d e r d y n a m i c load ing cond i t ions by d e s i g n i n g a l i ne s o u r c e of u n i f o r m 
s t r e n g t h . By pos i t i on ing th i s l ine s o u r c e a long the ax i s of t he h e x c a n , it is 
hoped tha t the p r e s s u r e d i s t r i b u t i o n in the ax ia l d i r e c t i o n c a n be u n i f o r m , and 
tha t de f l ec t ions and s t r a i n s can be c o m p a r e d wi th the STRAW c o d e . H o w e v e r , 
if th is l ine s o u r c e is not c e n t r a l l y l o c a t e d , the p r e s s u r e l oad ing wi l l not be 
a x i s y m m e t r i c , and the h e x c a n wi l l bend as a b e a m bet^veen i t s end s u p p o r t s . 
In th i s c a s e , v a r i a t i o n s in s t r a i n s wi l l o c c u r in the ax i a l d i r e c t i o n and the 
t h r e e - d i m e n s i o n a l SADCAT code wi l l be r e q u i r e d . T h r e e - d i m e n s i o n a l effects 
wi l l a l s o a r i s e if the l ine s o u r c e is of n o n u n i f o r m s t r e n g t h o r if a point s o u r c e 
is u s e d . 

S i m i l a r l y to STRAW, the SADCAT code is f o r m u l a t e d a s a l u m p e d - m a s s 
s y s t e m and fol lows an exp l i c i t t i m e - i n t e g r a t i o n c o m p u t a t i o n a l p r o c e d u r e . The 
code is e s p e c i a l l y su i t ed for s t r u c t u r e s s u b j e c t e d to h igh load ing r a t e s b e c a u s e 
of i t s c a p a b i l i t y to t r e a t i n e l a s t i c m a t e r i a l d e f o r m a t i o n s and l a r g e 
d i s p l a c e m e n t s . 

The f o r m u l a t i o n wi th in the code is b a s e d on the f i n i t e - e l e m e n t p r o c e 
d u r e , in wh ich the d i s c r e t e m o d e l of the s t r u c t u r e c o n s i s t s of an a s s e m b l a g e 
of flat , t r i a n g u l a r p l a t e e l e m e n t s connec t ed by n o d e s . E a c h e l e m e n t is a s s o 
c ia ted wi th a convec t ed c o o r d i n a t e s y s t e m , which is a t t a c h e d to the e l e m e n t . 
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The convected coordinate system moves with the element and approximates 
the rigid-body motion of the element. In addition, each node is associated 
with a set of body coordinates, which rotate with the node and coincide with 
the principal axes of the mass moment of inertia of the node. 

The lumped masses and rotational inertias of the nodes are obtained 
by the following procedure. The mass and moment of inertia of each element 
are calculated and then subdivided into three equal par ts , each associated 
with the respective node of the element. When this procedure is applied to 
all elements, the final mass and moment of inertia at each node consist of 
contributions from all adjacent elements. At the node, the principal moments 
of inertia are determined, and the associated principal directions constitute 
the initial body coordinates. 

The total displacement of the element is decomposed into a rigid-body 
motion and a deformation. The rigid-body motion is defined by the motion of 
the convected coordinate system; the deformation of the element is measured 
by the displacement relative to the convected coordinates. Rotations of the 
nodal coordinates are described by Euler angles, and the connponents are up
dated at every time step. The plate element is assumed to have linear in-
plane displacements and cubic t ransverse displacements. The deformation 
displacements are computed from the relative displacements and relative 
rotations of the nodes. Following Argyris , ° the in-plane deformations are 
determined by side elongations of the element. The nonconforming shape 
functions developed by Bazeley determine the flexural component of defor
mation. The strains are computed in the convected coordinate system. The 
first derivative of the in-plane displacement provides the membrane compo
nent of strain, and the second derivative (curvature) of the shape function 
yields the flexural component of strain. 

Internal nodal forces and moments are derived using a five-point 
trapezoidal integration across the element thickness and a three-point inte
gration over the element plane. The t ransverse nodal forces are obtained 
fronn the requirement that the nodal forces of an element must be self-
equilibrated. In some problems in which the residual membrane forces are 
large and no external loads are present, there is a tendency for certain nodes 
to oscillate in a snap-through mode. This effect is eliminated by use of a 
metnbrane artificial viscosity, which can be specified as a percentage of 
critical damping. 

The tensile data of true s t ress versus engineering strain are approxi
mated by a nnultilinear curve with isotropic strain hardening. Yielding in the 
biaxial state of s t ress is handled by the von Mises yield criterion (see 
Appendix B ) , and a flow rule is assumed in the plastic regime. The plastic 
components of s t ress are evaluated by an algorithm introduced by Hartzmann 

12 

and Hutchinson. 
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The code accepts pressure- t ime histories, initial velocities, and 
displacements as external loads. With the mass , moments of inertia, and 
external and internal forces known, the equations of motion are applied at the 
nodes. The equations of motion are integrated in time using the Newmark-P 
method.^^ Since the formulation is based on an explicit integration, the length 
of the prescribed time step is limited by a stability cri terion. The code 
operation has been found to be quite efficient, taking about 2 msec per time 
step per element on an IBM 370/195 computer. 
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APPENDIX B 

The Plane-s t ra in Assumption 

1. The Elastic Range and Initial Yield Point 

Since STRAW is a two-dimensional code, variations in the radial r 
and the circunnferential 0 directions are computed, while variations in the 
axial z direction are assumed to be zero (see Figs. B.l and B.2). For a 
hydrostatically pressurized hexcan, the pressure loading on the walls is 
uniform, and if the hexcan ends are constrained, displacements in the z direc. 
tion can be assumed negligible. In this case, strain components are confined 
to the t ransverse (r ,9) plane and the deformations are referred to as "plane 
strain." 

^CENTER LINE OF SYMMETRY 

0.175 in. RADIUS 

PLANE-STRAIN 
SECTOR 

Fig. B.2. Representative Hexcan Sector for 
Plane-strain Conditions 

Fig. B.l. Top View of Hexcan Showing Beam Elements That 
Deflect Radially Outward for an Internal Pressuriza
tion (1 in. = 2.54 cm). ANLNeg. No. 900-4596 
Rev. 1. 

B e f o r e t h e s p e c i f i c p l a n e - s t r a i n p r o b l e m s a r e c o n s i d e r e d , it i s i n s t r u c 
t i ve to r e f e r to t he g e n e r a l t h r e e - d i m e n s i o n a l e l a s t i c r e l a t i o n s h i p s b e t w e e n 
the s t r e s s e s and s t r a i n s in t he x, y , and z d i r e c t i o n s : 

ĉ x V / \ 
'̂̂  = E" " EVY'^''^)' 

(Ix) 
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^y 

and 

^z 

= " E ' - ^ ( ' . - x ) . <>y) 

= ¥ - ¥ ( ' - " ° y ) - "'' 

The Young's e las t ic modulus E can be de termined in a t e n s i l e - t e s t mach ine . 
Usually a tes t specimen in the form of a s t ra ight nar row rod is pulled, and 
the load and corresponding extension of the rod a r e m e a s u r e d . The plot of 
s t r e s s ve r sus s t ra in is a s t ra ight line of slope E. When the load is inc reased , 
a point is reached at which the l inear re la t ionship fai ls , mark ing the " l inear 
elast ic l imit ," or "propor t ional l imit" or "yield point." Over the e las t ic 
range, the genera l equations applied to the t en s i l e - t e s t spec imen reduce to 
the s imple forms 

«̂ x 
fix = Y' ^̂ ""̂  

ey = -^ex. (2y) 

and 

«z = - ^ ^ x - ( 2z ) 

Equation 2x r ep resen t s the s t ra igh t - l ine "uniaxial s t r e s s - s t r a i n re la t ionship ." 
Equations 2y and 2z demons t ra te the l a t e ra l contract ion of the rod as a 
fraction v (Poisson ' s ratio) of the extension. In t e r m s of the hexcan, 
Eq, 2y demons t ra tes the reduction of wall th ickness when the beam e le 
ments (see Fig . B. l ) a r e extended under in ternal p r e s s u r i z a t i o n . Equation 2z 
shows that the hexcan will also contract axially in length, if the ends a r e free, 
by the same proport ion v of the pr incipal s t r a in in the x d i rec t ion . 

If the contract ion e ^̂  of the hexcan length is cons t ra ined (e = O). then 
a res is t ing s t r e s s a^ must be set up in the z d i rec t ion. The elerrient then 
has two s t r e s s components a^ and a^, and will be in a biaxial r a the r than 
uniaxial s tate of s t r e s s . Since e^ is ze ro , this is a p l a n e - s t r a i n case , and 
the general equations for this case become 

^ x V 
' ^ = E " - E ^ Z ' (3X) 
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and 

" z V 

F r o m Eq. 3z we see that 

ĉ z = ^^x- (4) 

This re la t ionsh ip between the s t r e s s components is s i m i l a r to the re la t ion
ship (Eq. 2z) between the s t r a i n components for the uniaxial s t r e s s case of 
the t e n s i l e - t e s t specinnen. Combining Eq. 4 with Eq. 3x gives the re la t ion
ship between the extensional s t r e s s and s t r a i n of the beann f ibers : 

1 _ v2 
^x = E <̂ x- (5) 

An "equivalent p l a n e - s t r a i n Young's modulus" can be defined as 

1 
'P 1 - V E. (6) 

Hence, cons t ra in ing the ends makes the hexcan m o r e r e s i s t an t to def lect ions. 
The beam e lements composing the p l a n e - s t r a i n hexcan s ec to r a r e stiffened 
by the factor 1/(1 - v^). 

Not only is the s lope of the l inea r s t r e s s - s t r a i n re la t ionship i nc r ea sed 
for the p l a n e - s t r a i n c a s e , but the e las t ic range is a lso inc reased . The equiv
alent p l a n e - s t r a i n yield s t r e s s is g r e a t e r than the uniaxial yield s t r e s s m e a 
sured for the t e n s i l e - t e s t spec imen. The i nc r ea se in the yield s t r e s s is 
de te rmined f rom the von Mises yield c r i t e r ion . F o r the von Mises c r i t e r ion , 
the locus of yield points is expres sed as a "yield sur face" in a space having 
the s t r e s s e s as coord ina te s . The yield surface is a c i r c u l a r cyl inder in this 
s t r e s s space and cons i s t s of all points equidistant from the hydros ta t ic line 

K = ̂ y = ^k)-

The assumpt ion is m a d e that , s ince a m a t e r i a l in a s ta te of hydros ta t ic 
equi l ibr ium has no tendency to yield, then all points that a r e in a s ta te of 
s t r e s s equally removed f rom the hydros ta t i c s ta te have an equal tendency to 
yield. If we let subsc r ip t s X, Y, and Z indicate yield va lues , the equation for 
the pr inc ipa l s t r e s s e s ( i .e . , no rma l to the pr inc ipa l planes of ze ro shea r ) is 

(ox - CTy)^ + (ay - CJ^)^ + (CTZ - a^)^ = R^ (7) 

The constant cyl inder radius R is found from the t e n s i l e - t e s t spec imen, 
which is in a uniaxial s ta te of s t r e s s (a = cr̂  = O). Substi tuting these values 
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in to Eq . 7, we s e e tha t t h i s r a d i u s is d i r e c t l y p r o p o r t i o n a l to the y i e l d s t r e s s 

YQ m e a s u r e d in the t e s t ; 

R = y2Yo. (8) 

(9) 

U n d e r p l a n e - s t r a i n c o n d i t i o n s , the b e a m e l e m e n t s a r e in a b i a x i a l s t a t e of 
s t r e s s (a = O), so tha t the locus of y ie ld po in ts is an e l l i p s e : 

2 1 _ 2 _ v 2 

CTx - ^X^Y "•" ̂ Z - ^0-

Subs t i tu t ing the va lue for t h e z c o m p o n e n t g iven by E q . 4 in to Eq . 9, t he 

equ iva l en t p l a n e - s t r a i n y i e ld s t r e s s is 

! Y. (10) 
x̂ y i - V + v^ 

The r e l a t i o n s h i p on the von M i s e s y i e ld e l l i p s e is i l l u s t r a t e d in F i g . B . 3 . 

VON MISES YIELD ELLIPSE 

I cr = EQUIVALENT 
I PLANE-STRAIN YIELD 

Y = UNIAXIAL TENSILE 
TEST YIELD 

Fig. B.3 

Increase in Plane-strain Yield Stress 
over Uniaxial Tensile-test Yield Stress 

2. P l a s t i c F l o w and S u b s e q u e n t Y ie lds 

B e c a u s e of s t r e s s c o n c e n t r a t i o n s in the h e x c a n c o r n e r r e g i o n , the 
e l a s t i c l i m i t can be e a s i l y e x c e e d e d u n d e r m o d e r a t e p r e s s u r e l o a d s . P l a s t i c 
d e f o r m a t i o n s h a v e been found to o c c u r for i n t e r n a l - p r e s s u r i z a t i o n v a l u e s of 
the o r d e r of 150 p s i (l.O M P a ) . When p l a s t i c flow o c c u r s , we a r e faced wi th 
the p r o b l e m of apply ing the a v a i l a b l e u n i a x i a l t e n s i l e - t e s t d a t a to the b i a x i a l 
s t r e s s cond i t ions i m p o s e d by the p l a n e - s t r a i n c o n s t r a i n t . 

T h e t e n s i l e - t e s t d a t a w e r e t r a n s f o r m e d to a f o r m s u i t a b l e for the 
p l a n e - s t r a i n c a s e by a s i m p l e p r o c e d u r e . T h e m e t h o d c o n s i s t e d of i n c r e a s i n g 
the s lope of the p l a s t i c s t r a i n - h a r d e n i n g c u r v e d e r i v e d f r o m t h e t e n s i l e - t e s t 
da t a by the f ac to r 4 / 3 at e ach point 

Ep = T ^ P - (11) 
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The plastic-flow slopes E- and Ep are for the equivalent plane-strain case 
and the uniaxial tensi le- test specimen curves, respectively. Integration of 
the slopes gives 

o r 

^X Yo 

a(ex + Ae) = ox + j [<̂ (eYo •*" ^^^ ~ ^°^- (12) 

The plane-strain value for the s t ress is a, and the corresponding value of 
the uniaxial test s t ress is a. Both s t ress values correspond to the same 
strain increment Ae measured from the respective yield s t rains . The value 
Q-ĵ  is the initial plane-strain yield, and YQ is the initial yield given by the 
tensile-specimen test. 

The method for transforming the tensi le-test data involves approxima
tions. To clarify the nature of the approximations so that the method may be 
applied under the appropriate circumstances, the reasoning underlying the 
above plastic-flow, plane-strain correction is explained below. 

The tensile test is conducted in a manner svich that the strain of the 
specimen is steadily increased. The corresponding s t resses then increase 
monotonically with the s t ra ins . At each instant, as the specimen load is being 
increased, the current s t ress on the plastic-flow curve may be thought of as 
a new yield s t ress Y. In this way, we can conceive of a ser ies of "subsequent 
yield surfaces" of the form of Eq. 7 being generated for each increasing strain 
value. If we consider this current yield Y to define an "initial point," further 
loading will produce the incremental strain 6e shown in Fig. B.4. With ref
erence to Fig. B.4, if the slope of the plastic strain-hardening curve is ^^^^, 

STRESS 

Fig. B.4 

Uniaxial Tensile-test Stress-Strain Curve with Defi
nitions of Incremental Elastic- and Plastic-strain 
Components 

'^x=SVE,„„ 
STRAIN 
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then the relat ionship between this actual slope and the two slopes defining 
the e las t ic and plas t ic components of the total s t r a in is 

_ i _ . _ L + _L. (13) 
Etan E Ep 

Since the Young's modulus E is l a rge compared to the p las t ic slope Ep, the 
approximation is made that the total s t ra in is near ly equal to the p las t ic s t ra in : 

6e^ « 6eP. (14) 

The yield surface corresponding to Eq. 7 may be expressed as a function of 
the principal s t r e s s e s : 

{(0^,0^,0^) = Y^ (15) 

F o r deformation s ta tes that r e tu rn to the inside of the cu r r en t yield surface , 
the ma te r i a l will behave elas t ical ly , i .e . , for s ta tes {o^.ay.a^) that satisfy 
the local condition 

i{o^,a ,CT ) < Y^. (16a) 
•̂  y z 

If the loading is inc reased so that the s ta te points p r o g r e s s outside 
the yield surface, the ma te r i a l will behave plas t ical ly , i .e . , for s ta tes that 
satisfy the local condition 

i{o^,Gy,u^) > Y^ (16b) 

It has been shown by Drucker '^ that if the inc rementa l p las t ic s t r a in 6eP is 
assumed to be l inear ly proport ional to the inc rementa l s t r e s s 6a, then the 
p l a s t i c - s t r a in vector is perpendicular to the yield surface: 

TeP = ^Vf, (17) 

where X is a s ca l a r and Vf is the gradient of the yield sur face . 

Equation 17 can be applied to the uniaxial s t r e s s case of the tens i le 
tes t , for which the yield surface (Eq. 14) reduces to 

f(ax) = o'y. = Y\ (18) 

F o r the uniaxial tes t , Eq. 17 becomes 

Se^ = ^ ^ = ^2ax = X2Y. (19) 
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The p l a s t i c - s l o p e definition gives 

6eP = ^ 6 a x . (20) 

and s ince the uniaxial s t r e s s inc remen t becomes the new yield s t r e s s , 

6ax = 6Y. (21) 

The unknown s c a l a r X can be deternnined by combining the above t h r e e 
equations to give 

-if- <-' 
Thus the local value of X can be de te rmined from the uniaxial t e s t data. 

The next s tep is to proceed to the p l a n e - s t r a i n b i a x i a l - s t r e s s case 
using the informat ion about X and Y obtained from the uniaxial t ens i le t e s t . 
F o r the b i a x i a l - s t r e s s s t a te , the yield sur face is of the form of Eq. 9: 

f(crx.<7z) = CT̂  - 2axa2 + a | = Y^ 

The X component of the gradient to the cons tant -y yield sur face is 

I L = 2^ _ ̂  (23) 
Box ^ ^ 

The z -component s t r e s s is re la ted to the x component through the gradient 
in the z d i rec t ion : 

^^ 
= Zor, - a. 

Now, the i nc remen ta l s t r a i n in the z d i rec t ion is 

Bf 
6 e , = X boz' 

and for plane s t r a i n be^ = 0. Combining the above two equations gives 

a , = i a x . (24) 

It is i n t e r e s t i ng to connpare this re la t ionsh ip with Eq. 4. F o r fully p las t ic 
flow, the incompress ib i l i t y condition gives v = 0.5, so that Eq. 4 for the 
e l a s t i c m a t e r i a l is cons i s ten t with Eq. 24 for the p las t ic m a t e r i a l . 
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The incremental strain in the x direction is 

Combining this equation with Eqs. 23 and 24 gives 

A P ' \ r. (26) 
S«x = 1 ^ ^x-

If the value of X (from Eq. 22) determined from the uniaxial test is used, 

the incremental plastic strain becomes 

X 4E Y ^ 
IT 

The relationship between the uniaxial tensile-test yield stress Y and the 
equivalent plane-strain yield stress a^ is of the same form (Eq. 10) as for 
the initial yield surface. Thus, 

a X 
Y. (28) 

- / l - V + V 2 

Since an increment in the stress produces a new yield surface, 

6a^ = ^ 6Y. (29) 
yi - V + V 2 

Combining the above two equations gives the similar ratios 

^^x _ 6Y 
a^ = Y • 

(30) 

Hence, from Eq. 27, the incremental strain for the plane-strain case becomes 

6eP = T J - 6 C T „ . (31) 
X 4Ep ^ 

An "equivalent plane-strain plastic slope" can be defined by 

6eP = ^ 6 a ^ . (32) 

Comparing the above two equations demonstrates the transformation of Eq. 11 

Note that in the preceding discussion, the (x, y,z) directions defined 
in Figs. B.l and B.2 are assumed to correspond to the principal-stress 
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directions for which the yield surface is defined. This assumption is con
sistent with the model described for the STRAW code in which each longitu
dinal fiber of the finite flexural-beam element acts as an independent membrane 
with no internal shear s t r e s ses . It follows that the plane normal to the 
x direction is a principal plane. For the actual hexcan, we should note first 
that the planes of symmetry at the midflat and corner are principal planes 
because the shear s t resses on these boundary planes are zero. Also, the wall 
surfaces have zero shears . Hence, the yield criterion derived above is a good 
approximation for the corner and midflat elements, and for the outside surfaces 
of all the elements. Since the outer fibers exert the greatest bending influence 
upon the deflection, the e r ro r in the approximation caused by actual shear 
s t resses on the inner fibers should be minimal. Also, in the plastic-flow 
region, the shear s t resses can be expected to be snnall compared to the normal 
s t resses , even for the inner fibers. 
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A P P E N D I X C 

A n a l y t i c a l R e p r e s e n t a t i o n of S t r e s s - S t r a i n R e l a t i o n s h i p 

To c o m p u t e the d e f o r m a t i o n of the h e x a g o n a l - s u b a s s e m b l y w r a p p e r s 
when sub jec t ed to p r e s s u r e l o a d s , the s t r e s s - s t r a i n p r o p e r t i e s of the m a t e r i a l 
m u s t be d e t e r m i n e d . B e c a u s e of t he s e n s i t i v i t y of the r e s p o n s e of t he T y p e 316 
s t a i n l e s s s t e e l h e x c a n to i t s m a t e r i a l p r o p e r t i e s , v e r i f i c a t i o n of the STRAW 
and SADCAT codes r e q u i r e s tha t the s t r e s s - s t r a i n r e l a t i o n s h i p be known 
a c c u r a t e l y o v e r the c o m p l e t e r a n g e of s t r a i n s , ex t end ing f r o m the e l a s t i c o v e r 
the e n t i r e r a n g e of s t r a i n - h a r d e n i n g p l a s t i c flow out to f inal m a t e r i a l f a i l u r e . 
T h e e n t i r e s t r e s s - s t r a i n r a n g e m u s t be known b e c a u s e of t he w i d e v a r i a t i o n of 
s t r a i n s a p p e a r i n g in the d e f o r m e d h e x c a n , p a r t i c u l a r l y for the s t r e s s -
c o n c e n t r a t i o n r e g i o n s in the c o r n e r s . 

T h e m e c h a n i c a l m a t e r i a l p r o p e r t i e s w e r e m e a s u r e d by the A N L 
M a t e r i a l s S c i e n c e D iv i s i on . T e n s i l e t e s t s w e r e p e r f o r m e d for s p e c i m e n s 
cut f r o m the t e s t - h e x c a n d u c t s , and the r e s u l t i n g s t r e s s - s t r a i n c u r v e s for 
annea l ed and 50%-co ldworked h e x c a n s a r e shown in F i g s . 30 and 36. T h e 
point of m a x i m u m t e n s i l e load , c a l l ed the " u l t i m a t e s t r e n g t h , " for t he 50%-
co ldworked s p e c i m e n o c c u r r e d at a r e l a t i v e l y s m a l l s t r a i n (about 2%), 
w h e r e a s the m a j o r e x t e n s i o n of the t e n s i l e s p e c i m e n out to f r a c t u r e o c c u r r e d 
beyond the u l t i m a t e point ( see F i g . 36). F o r the a n n e a l e d t e n s i l e s p e c i m e n 
(see F i g . 30), the u l t i m a t e point w a s not r e a c h e d unt i l the gage l e n g t h w a s 
ex tended about 50%. T h e r a n g e of e x t e n s i o n beyond th i s u l t i m a t e poin t out to 
f a i l u r e w a s a m u c h s m a l l e r p r o p o r t i o n of the g r a p h of t o t a l load v e r s u s 
e longa t ion . 

F o r e x t e n s i o n be low the u l t i m a t e s t r e n g t h point , the t e n s i l e s p e c i m e n 
is in a s t a t e of u n i f o r m un i ax i a l s t r e s s and s t r a i n . At the u l t i m a t e s t r e n g t h , 
the s p e c i m e n r e a c h e s a point of p l a s t i c i n s t a b i l i t y , and a l o c a l c o n t r a c t i o n , o r 
neck ing , wi l l o c c u r at s o m e c r o s s s e c t i o n of the s p e c i m e n g a g e l eng th . F u r t h e r 
s t r a i n s wi l l fail to be u n i f o r m , and the l o c a l s t r a i n canno t be m e a s u r e d by the 
to t a l e x t e n s i o n of the gage s e c t i o n of the s p e c i m e n ; i . e . , the p o r t i o n s of the 
g r a p h s in F i g s . 30 and 36 beyond the m a x i m u m load poin t canno t be app l i ed to 
c o m p u t a t i o n s involv ing the l oca l s t r e s s - s t r a i n r e l a t i o n s h i p of the m a t e r i a l . 
T h e nnean t r u e s t r e s s at the n e c k e d - d o w n s e c t i o n is the t e n s i l e load d iv ided by 
the i n s t a n t a n e o u s a r e a , and the m e a n s t r a i n at th i s s e c t i o n can be e s t i m a t e d 
f r o m the r a t i o of the c o n t r a c t e d a r e a to t h e o r i g i n a l a r e a . 

B e c a u s e of the u n c e r t a i n t i e s involved in m e a s u r i n g a c c u r a t e l o c a l 
s t r a i n v a l u e s wi th i n c r e a s i n g s t r e s s e s , it is c o n v e n i e n t to d e v e l o p a n a l y t i c a l 
e x p r e s s i o n s for the s t r a i n - h a r d e n i n g p l a s t i c - f l o w r e g i o n tha t r e q u i r e only a 
few m e a s u r e m e n t s . A m e t h o d for d e t e r m i n i n g an a n a l y t i c e x p r e s s i o n tha t wi l l 
aid in d e s c r i b i n g an a p p r o p r i a t e s t r e s s - s t r a i n r e l a t i o n s h i p for the STRAW 
code is d e s c r i b e d be low. 
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The physical nnechanism of the plastic-flow instability that results 
in a local necking down of the tensile-test specimen and destroys the uniformity 
of the s train distribution can be sinnply explained. If we consider a straight 
cylindrical filannent subjected to a pure uniaxial tensile loading, the c ro s s -
sectional a rea will diminish when the filament length is increased. In the 
plastic-flow region, the mater ial is essentially incompressible, so that for 
constant volume, the new area A and length I is related to the initial 
unloaded AQ and -to by 

A = AoV^- (33) 

For a tensile loading force P, the unifornn "true" s t ress is 

at = P/A. (34) 

When the filannent is strained, the increase in s t ress due to the reduc
tion in area must be balanced by an increase in the s t ress resistance of the 
material . For a perfectly plastic nnaterial, the s t ress will not increase with 
the strain, and the nnaterial will continue to deform and not reach equilibrium. 
The increase in s t r e s s above that for perfect plasticity, called "strain harden
ing," permits the tensile specimen to sustain s t resses above the yield point. 
However, a point is reached when the increase in material resistance is not 
sufficient to balance the effect of area reduction; this is the "ultimate strength" 
point. 

The conventional engineering s t ress a is the tensile test load P 
divided by the initial area AQ of the gage length of the tensile test specimen: 

a = P/Ao. 

The engineering s t rain e is the extension of the gage length fronn the initial 
length -to to the length I divided by the initial length: 

e = {I - lo)/lo. 

The s t r ip chart fronn the tensi le- test machine gives the plot of load P 
versus the extension I - IQ. Dividing these values, respectively, by the initial 
area AQ and initial length IQ will give a graph up to the ultinnate point of 
engineering s t ress versus engineering strain. At the ultimate point, the load 
is a maximum and the slope of the graph is zero: 

-— = 0 = o^-r— + -7—. (35) 
de de de 

F rom Eq. 33, the engineering strain is related to the areas by 

Ao = A(l + e), (36) 
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and, s ince AQ is constant, 

dA ^ A (37) 
de ' 1 + e • 

Substituting Eq. 37 into Eq. 35 gives the condition for the u l t imate point: 

da 
( . . . ) - ^ = a , (38) 

If the " t rue" s t r a in is defined to be 

= < t n ( l + e ) . (39) 

then Eq. 38 gives the condition for the u l t imate point to occur when the slope 
of the t rue s t r e s s - s t r a i n curve is given by 

( S i - <'tV 
The ul t imate s t rength point, specified by Eq. 40, indicates the onset 

of plast ic instabil i ty and the initiation of necking in the tens i le spec imen . 
Because of the nonuniform s t r a ins that will resul t for fur ther deformat ion, 
the load-extens ion data from the tens i le t es t s will not d i rec t ly es tab l i sh the 
s t r e s s - s t r a i n s ta tes of the specimen. An assumpt ion can be made that the 
t rue s t r e s s - t r u e s t r a in re la t ionship is approximated by a power law of the 
form 

at = B(et )" ' , (41) 

where B and m a r e cons tan ts , and m is known as the s t r a i n - h a r d e n i n g 
exponent. 

This equation is a s t ra ight line on a log-log plot, as shown in F ig . C . l : 

log at = log B + m log et. (42) 

Two points (for example , the yield and ul t imate) will d e t e r m i n e the unknown B 
and slope m : 

yield point: (at)^ = B ( e t ) ^ ; 
(43) 

u l t imate point: (a*.) = B(ei.)"^. 
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The coordinates of the yield 
point can be determined directly 
from the s t r ip-chart data output 
from the tensile-test machine. The 
yield s t ress Oy can be estimated 
fairly well as the point at which the 
graph begins to deviate from the 
straight line. The corresponding 
strain is given by 

ŷ = V^-

T h e s t r e s s and s t r a i n a r e t he e n g i 
n e e r i n g v a l u e s . T h e t r u e s t r e s s v a l u e 
is ob ta ined by c o m b i n i n g E q s . 33 , 34, 
and 36 to give 

a t = a ( l + e) . (45) 

I t fol lows tha t the t r u e y i e ld s t r e s s i s 

(^t)„ = ^ y ( l + ey) . 

T h e t r u e y i e ld s t r a i n is ob t a ined 
f r o m Eq . 39: 1.4 

Fig. C.l. Empirical Fitting of Stress-Strain Relationship 
for Annealed Type 316 Stainless Steel (1 ksi = 
6.895 MPa). ANL Neg. No. 900-5328 Rev. 1. 

(et) = ' tn ( l + ey) . 

T h i s y i e ld poin t , def ined a t t h e 
p r o p o r t i o n a l l innit , h a s b e e n d e 

t e r m i n e d w i thou t r e f e r e n c e to a n n e a s u r e d s t r a i n v a l u e ; only Y o u n g ' s 
m o d u l u s E , a m e a s u r e d load P , and t h e i n i t i a l a r e a AQ h a v e b e e n u s e d . 

T h e v a l u e of t h e u l t i m a t e s t r e s s is d e t e r m i n e d d i r e c t l y f r o m the 
n n e a s u r e d m a x i m u m load r e c o r d e d on the s t r i p c h a r t . It is d e s i r a b l e to d e 
t e r m i n e t h e u l t i m a t e s t r a i n w i t h o u t d i r e c t r e f e r e n c e to d i s p l a c e m e n t n n e a s u r e 
m e n t s . T h i s c a n be a c c o m p l i s h e d by m e a s u r i n g the s l o p e m of t he l o g - l o g 
plot of t r u e s t r e s s v e r s u s t r u e s t r a i n a s g iven by E q . 42 : 
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m = 
d(log at) 

d(log et) 

_ l i ^ (46) 
at d e t ' 

F r o m Eq. 40, for the ul t imate point, and Eq. 46 it follows that 

m = (et) • 
^ u 

F r o m the definition (Eq. 39) for t rue s t r a in , 

1 + e = exp(et). 

Substituting this express ion into Eq. 45 and using the value of the slope m 
given by Eq. 46a, the t r ue s t r e s s at the ul t imate point beconnes 

(46a) 

(at) = au exp(m). (47) 

Substitution of this t r u e - s t r e s s value and the t r u e - s t r a i n value Eq. 46a into 
Eq. 44 gives 

a^ exp(m) 

(et) 

~\ m 
m 

(IT 
(48) 

The value of m can be formed from this equation by a t r i a l - a n d - e r r o r method 
of solution. 

As an i l lus t ra t ive example, Eq. 48 will be solved for the 50%-coldworked 
tensi le specimen l is ted as 1-50-B in Table VII. The 0.2% offset yield s t r e s s 
for this sample is 134.3 ksi (926.0 MPa) , and the u l t imate s t reng th a„ is 
139.5 ksi (961.8 MPa) . The eng inee r ing -y ie ld - s t r a in value is then 

c , = 0.002 . i l M o o 

= 0.006796. 

The corresponding value for the t rue yield s t r a in is 

(sf) = In 1.006796 t y 

= 0.006773, 
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and the true yield s t ress is 

(at) = 134.3(1 + ey) t y 

= 135.213 ksi (932.261 MPa). 

Substitution of the above values in Eq. 48 and solving for m by tr ial-and-
error give 

m = 0.040. 

The value of this slope is also the value of the true strain at the ultimate 
point. The corresponding engineering value of the ultimate strain is then 

e^ = exp(0.040) - 1 

= 0.041. 

This value can be compared with the "maximum uniform strain" value of 
0.034 that was estimated from the extensometer strain reading at the maximum 
load point. Estimates of the ultimate strain values from the s t r ip-chart plot 
of the load versus extension are only approximate because the curve is very 
flat in the region of the peak load, and it is not possible to tell exactly at what 
strain the peak load occurs. Consequently, considerable scatter appears in 
the list of maximum uniform strain values in Table VII. Through the use of 
Eq. 48, the scat ter in the computed values of m is greatly reduced. 

Once the value of m is determined, it is simple to determine the 
constant B, and the graph of the true s t ress versus true strain is established 
by Eq. 41. The constant B is formed by substituting the coordinates of the 
yield point into Eq. 43 (or, alternatively, the coordinates of the ultimate point). 

The power-law relationship (Eq. 41) can be checked at the final extended 
stress and strain values of the tensile specinnen. If this final point does not fall 
on the power-law relationship, a hyperbolic-sine law can be used to fit the 
plastic-flow relationship fronn the ultimate point (u) to the final failure point (f) 
as shown in Fig. C. l . 

The final necked-down cross section of the tensile specimen is severely 
strained, so that the strain distribution over the cross section is not uniform, 
and the resulting s t ress state is triaxial. An empirical correction nnethod pro
posed by Bridgeman, described by Lubahn and Felgar,^^ will permit an equiva
lent uniaxial strain value to be determined based upon the measured final 
cross-sect ional area. 
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